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Introduction. In order to appreciate the results obtained 
from mechanical tests of materials and to place upon them a 
proper interpretation, some knowledge^ of the elementary 
theory of elasticity is needful. The elastician views materials 
as of homogeneous structure and the usual engineering cal- 
culations are based on this view. Though materials, generally, 
are far from being homogeneous, the assumption nevertheless 
serves as a foundation for a vast body of analysis leading to 
results which the designer can apply with a considerable measure 
of success. The fundamental parts of the theory as understood 
by engineers will now be outlined. ^ 

Stress, Strain, Modulus of Elasticity. An external force, or 
load, apphed to a body, produces therein an alteration of form. 
The deformation produced is commonly called the strain, while 
the resistance offered by the molecules of the body in an en- 
deavour to preserve the original foriti is called stress. Quanti- 
tatively, stress is the load per unit area, tons per square inch or 
kilogrammes per square centimetre; while strain is the frac- 
tional alteration in dimensions, Icngtli, area or volume, as the 
case may be — or, in short, the cliango ptu‘ unit dimension. 

Consider a body in equilibrium nndcn* forces Fg, Fg and 
F4, (Fig. 1). Each small portion of t he body will be in equili- 
brium under certain forces transmithnl to it/S boundary. Imagine 
the section ab, of area A, to divide the body into two parts. 
The resultant R, of all the forces on one side of the section will 
be equal and opposite to tlie roHtdt.atit of the forces on the 
other side of the section. Supposing t he forces to be normal to 
and uniformly distributed over the scud ion, the stress there will 
have the value R/A. If the fbnjos an^ not tiniformly distributed 
the stress will vary over the se(jtioti and at aixy point its value 
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is defined as the ratio dB>ldA, obtained by considering the 
force acting on the elemental area dA surrounding the point, 
the area being taken to be vanishingly small while the ratio 
dR/dA remains finite. 

If, after the application and removal of the load, the strain 
disappears completely, the material is said to be perfectly 
elastic and the strain is then referred to as elastic strain. On 
the other hand, if the material be permanently deformed by the 
load, the strain is termed plastic, and the body is said to have 
received a permanent set. 

When a body is strained by a steady load the strain increases 
until the stress induced just balances 
the applied force. A law enunciated by 
Hooke in 1576, states that, in an elastic 
body, the strain is proportional to the 
stress, so that doubling the applied force 
doubles the distortion produced in the 
body. 

The ratio of the stress to the strain, 
termed the modulus of elasticity, varies 
for different materials and with the type 
of stressing applied. 

All materials show a limit, the limit 
of proportionality, beyond which stress 
and strain cease to be proportional. 
Many materials, in fact, appear to possess no truly elastic range. 
The limiting value of the stress beyond which a material will fad 
to recover its original dimensions is termed the elastic limit. 

Kinds ol Stress. The state of stress suffered by a structural 
member or machine component is, in practice, brought about 
by a combination of several fundamental types of loading, 
namely — 

{a) Tension; 

[b) Compression; 

[c) Shear; 

[d) Torsion; and 

[e) Flexure or bending. (Pig. 2.) 

Tension and Compbession. The forces applied constitute a 
pull or a push and tend to lengthen or shorten the body as the 
ease may be. Extension is accompanied by a lateral contraction 
while compression is accompanied by lateral expansion. 



Fig. 1. NoBMAii Distbi- 

BVTION OP StBESS OVEB 
A Section 
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If I be the initial length of a bar subjected to tension, and 
the length after the load has been apphed, then — ? is the 
increase in length. The tensile strain e, or the extension per 
unit length, is therefore 

e={k-l)Jl 

and is a pure ratio. It is assumed that the strain is uniform 
over the whole length of the 
rod. 

If, for example, Z = 50 in. 
and Zi = 50T in., the strain 


50*1-50 0*1 


e = 


50 


= - = 0-002 


In the same way, if be 
the original diameter of the 
bar, supposed round, and 
the final diameter, the lateral 
strain is given by {d^ — d)ld, 
and in this case is negative. 

Similar results apply in com- 
pression. 

Where tension or compres- 
sion is concerned the modulus 

of elasticity is known as 

Young's Modulus; usually 
denoted by E, 

By deftdtion 

-1 1 stress 

Young s Modulus == — — 

^ strain 





1 

(d) 

4 

& 

— 



c 


(e) 

Fig. 2, Types of Loading 


load/area 


extension/original length 
= PZ/Ac . 

Example. A brass wire 0*04 in. diameter and 54 ft. long 
stretched 0*45 in. under a load of 12 lb. 

The sectional area of the wire == (0*04)2 „ 0*001256 

in.2 The length = 6^ in. 

12 X 648 

® = 0-001256"o T 5 = P"" 
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For bfirs whoso soction. is other than circular the^ lateral strain 
is found by considering the difference between initial and final 
correspondmg dimensions. 

The ratio 

lateral strain __ ^ 
longitudinal strain 

is termed FoissoN s Hatio. It is sometimes defined by its recip- 
rocal m = 1/cr. For steel m varies from 3 to 4 and in the absence 
of a more precise figure is frequently taken as 10/3. 

Shear. The diagram Fig. 2 (c) shows equal and opposite 
forces acting on a bar at some distance apart. Such a system will 



Fig. 3. Illustrating 
Shear Strain 



Fig. 4. Rivet in Double 
Shear 


produce a shear stress in the bar and is convenient for the pur- 
pose of illustration, but, in addition to the shear, bending 
stresses are set up and, in consequence, the member is not sub- 
jected to pure shear stress. The production of a pure shear 
stress in this way is difficult, if not impossible of attainment. 

The characteristic feature of a shear is the angular change 
caused by the application of the load. The phenomenon is well 
illustrated by considering a block of indiarubber, Pig. 3, one 
face of which is glued to a table, while to the opposite face is 
glued a thin strip of wood. If the block of indiarubber is com- 
paratively thin, bending effects may be neglected. The applica- 
tion of a pull P to the strip attached to the top face will result in 
an equal and opposite pull at the lower face and will distort the 
vertical faces ac and bd through an angle ^ to the positions ac' 
and bd' respectively. 

The shear strain is measured by the ratio cc'jac = tan ^ and 
as cc' is small compared with ac, tan (p may be replaced by <f> 
radians. Shear strain is thus measured by the deviation from a 
right angle. 
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The ratio (shear stress)/(shear strain) is the modulus of 
rigidity, variously denoted in textbooks by C, G or N. 

A practical example of shear stress is the riveted joint, Fig. 4, 
in which the rivet is in shear at the sections aa and bb — 
commonly termed double shear. Stress 

Toksion. Torsion is the shear produced when 
one layer of a body is made to rotate on the 
adjacent layer. A cylindrical shaft having equal 
and opposite torques or couples applied at its 
ends, and in which the axes of the couples 
coincide with the axis of the shaft, is subject ^ Variation 
at every section normal to the axis to pure of ShearS^ressin 
shear stress. The stress at any point in a sec- Cross-Section of 
tion is proportional to the distance of the ^ Shaft 
pomt irom the axis, bemg zero at the centre Torsion 
of the shaft and greatest at the extreme radius. 

(Fig. 5.) The external torque T applied, is balanced by the 
moment of resistance of the section, the relation being 

T = (2^/,/R) X (RV4) - (7r/16)i)y, 
where f^ is the shear stress at the extreme 
radius R. 

In the case of a hollow shaft of external dia- 
meter Jy and internal diameter Dj, Fig. 6, the 
relation becomes 

Fig. 6- Cross- 

T=(2,r/,/R)(RV4-R,V4) 

= (7r/16)/,.[(D^-Di^)/D] 

For the solid shaft 7rRV2 is the polar moment 
of inertia J of the section ; hence 
applied torque T = /s( J/R) = fsZ^ 

where = J/R 

is termed the modulus of the section in torsion. 

Imagine one end of the shaft to be fixed whilst the other is 



Cross- 
Section of 
Hollow 
Shaft 



Fig. 7. Rodnd Shaft Under Torsional Strain 


subjected to a couple T, which twists the free end through an 
angle 6, a radius OB moving into the position OB', Fig. 7. A 
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and as y is comparatively small in any practical case, may 
be neglected and the central deflection is given by 

y = P/SR * 

It is shown in books on the strength of materials that 
1/R == M/EI 

where M is the bending moment, E is Young’s modulus and I the 
moment of inertia of the section of the beam about the neutral 
axis. It follows that when the bending moment is the same at 
every section the central deflection of the beam is given by 

y = MZ2/8EI 

In the general case of a beam loaded at right angles to its 
axis, as for example in the cantilever fixed at one end and 

loaded at the other, Eig. 9, any 
section of the beam has to sus- 
tain both the bending moment 
and a direct shear. The bending 
moment produced by the end load 
W, at any section distant x from 




Bending Moment 




Total Shear. 

Fig. 9. Cantilever with 
End Load 


(a> (b> 

Fig. 10. Flexure 

{a) Position of neutral axis, (b) Variation 
of stress over the section of a bent beam. 


the fixed end is W(Z — x) and reaches its greatest value at the 
point of fixing. 

The shear stress is the same at every section and is propor- 
tional to W. 

The upper fibres of the beam will be in tension and the lower 
fibres in compression. A particular layer somewhere in the 
beam will remain unstressed, so far as tension and compression 
are concerned. The plane of this layer is the neutral surface 
and the trace of this plane on a section perpendicular to the 
longitudinal axis of the beam, that is, the line NA, Fig. 10 (a), 
is called the neutral axis of the section. 


2 — (T. 48 ) 
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The stress at any element of area a is proportional to its 
distance y from the neutral axis and the state of stress over the 
section is that represented in Fig. 10 (6), the material above N A 
being in tension and that below NA being in compression. 

The neutral axis ordinarily passes through the centroid of 
the section. This, however, is merely fortuitous and is the out- 
come of the linearity of the stress distribution over the depth 
of the section and the fact that the loads act perpendicularly 
to the length of the beam. For a non-linear stress distribution, 
or for an initially curved beam, or for a straight beam subjected 



to oblique loading the position of the neutral axis is not neces- 
sarily coincident with the c.g. of the section. 

Textbooks show that if y be the distance of an element from 
the neutral axis, the stress f there is given by 
fly = E/R = M/I 

The moment of inertia of the section divided by the distance 
of the extreme fibre from the neutral axis is termed the section 
modultts Z. The maximum stress occurs at the outermost 
fibres, and, in general, wiU have different values in tension and 
compression. 

lift and/c are the respective tensile and compressive stresses 
at distances y^ and y^ from the neutral surface then, in tension 

and in compression 


M /A 
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TABLE I 

Geometeical PEOPEETrES OP Sections 


Section 

Area 

In.2 

Moment of 

Inertia 

In.4 

Modulus of 
Section 
In.3 


BH 

I 

Z 

fi =1 1*^* 

1 mzm 


BE-‘hh 


BH^~bh^ 

m 


WYP7A ^ 

bH + Bh 

+ Bh^) 

bm + B¥ 
m 

• f 

Z)2 

— 

64 

~Z)3 

32 

0] 



Tz/D^-d^\ 

32 V D ) 

1 

■■j|^ 

BH - bh 

J - 

- 6^2)2 „ 4.BEhh{E - Jtf 
lt{BE ~ bh) 

BE- - bh^ 
±{BE~bh) 

BE^- - 2bhE + hh^ 
^>{BE - bh) 

Z,^- 

Vi 

" 2/2 
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Avhere and Z^ are the section moduli in tension and compres- 
sion respectively. Values of I and Z for a few standard sections 
are given in Table I. When the section is symmetrical about the 
neutral axis Z^. and Z^ have the same value. 

Consider two near points on the neutral surface of a deflected 
beam at which the radius of curvature is R, Fig. 11. The slope 
of the beam at P, or its angular deviation from the horizontal 
there, is i and at Q the slope is i + di. 

The change of slope from P to ^ is thus equal to di, that is to 

PQfR == ds/R = dx/R 

for small deflections. 

Further, i = dyjdx and hence the curvature 1/R = dijdx = 
{dldx){i) = {dldx){dyldx) = (d^yfdx^). Hence, in terms of M, 
E and I, 

dydx^ = M/EI 

In general, M is a function of the distance x along the beam 
from some assigned origin and when so expressed in the fore- 
going equation one integration will enable the slope, and a 
second integration will enable the deflection to be found for any 
point along the beam. 

The cantilever previously considered provides a simple 
example. 

Here M = W(i! — a;) so that 

d'^yjdx^ ~ W(Z'— x)lRl 

therefore 

i = dyjdx = (W/EI)(fa— x^l2) -f C 
where 0 is the constant of integration. 

The slope is zero at the fixed end where x = 0, hence C is 
zero. 

A second integration gives 

y = (WIEl){lxy2 — xye) + D 

The deflection y is zero at the fixed end and therefore D is 
zero. The deflection at any point is therefore 

y = (W/EI)(;a;2/2-a;3/6) 

and the maximum deflection d, which is chiefly what is re- 
quired, occurs at the free end where x — I, 

d = (W/EI)(ZV2~ Z 70 ) ^ WZ3/3EI 

Some standard cases are given in Table II. 
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TABLE II 

Maximum Bending Moment and Maximum Deflection 
OF Loaded Beams 

W — total load, w ~ load per inch run. 
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Bulk Modulus of Elasticity. In addition to Young’s modulus 
(E) and the modulus of rigidity (N), materials possess a volume 
modulus or bulk modulus (K) which represents the ratio between 
the change of pressure and the change of volume when the 
material is subjected to a uniform distribution of tension or 
compression at its outer boundary, as for 
example a body subjected to hydrostatic 
pressiue. 

Suppose a cube of unit side to be sub- 
jected to uniform tension over one face, 
Fig. 12. Each stretched edge extends to 
1 + € and each transverse edge contracts 
to 1 — ae. The volume of the cube there- 
fore changes from unity to (1 + e)(l — ae) 
(1 — (re). 

The change of volume 
A ~ (1 — 2ae -f- c + — 2ae^ + ah^) — 1 

Fig. 12. Lateiiai 

CoNTBACTioN INSULT- wluch, suice thc strain is small, is very 

ING FROM One -DiMBN- 1 /, C% \ Tjy 1 ^ 1 1 . i I 

SIGNAL Stress nearly 6(1 2a). If each face be subjected 

to the same pull the total increase in 
volume will be nearly three times as great or 

3e(l — 2a) 

If p is the apphed force we have e = P/E since we are dealing 
with unit area, and further, on defining A as p/K, the relation 

K = E/3(l-2(r) A ^ 3 

A body that possesses the same elastic 
properties in all directions is termed 
isotropic. 

Relations Between the Elastic Constants 

E, X, E and a. If shear forces /« are apphed fs 

to the opposite faces AB and CD of a unit ^3 unit Cube 
cube as in Fig. 13, it is clear that for oe Matbbiai, Un- 

the cube to remain in equihbrium, a Eqval Shears 
balancing couple is required of magnitude or °OppZtb Xoes 
/s X AD = fs since AD is unity. This 
must be accomplished by equal and opposite shear stresses on 
faces AD and CB as shown in the figure. 

For the portion ADC to be in equilibrium a pulling force 
mslV^) ~ must act normal to the diagonal AC and for 
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the portion BCD to remain in equilibrium a force of amount 
f = (\/2)fs must act towards and normal to the diagonal 
plane BJD. (Fig. 14 {a) and (6).) 

The area of AG ov AB is ^2, as the cube is of unit side, and 
if and are the respective tensile and compressive stresses 
f, = {^/2)fJ^/2 =/,. Similarly/, 

It follows that shear stresses on planes at right angles to each 
other are equivalent to tensile and compressive stresses of 





Fig. 14. Normal Stresses on Fig. 15. Distortion oe 

Diagonal Planes as a Result Unit Cube by Shear 

OF THE Stress System of Fig. 13 Stresses 


intensity equal to that of the shear stress acting on planes at 
right angles and inclined at 45® to the planes of shear stress. 

Under the action of the shearing forces the cube ABGD 
of Fig. 15 will be deformed to A'B'G'U, and the shear strain 
I will be given by the angular distortion 

On planes AG and BD only tensile and compressive forces 
act, as shown. It is convenient here to adopt a different 
notation. Let q represent the shear stress on the faces of the 
cube and and tensile and compressive forces respec- 

tively on the diagonal planes. The diagonal AG undergoes a 
I strain p/E and also a strain upg/E so that the resulting strain 
is 

+ apJE = (1/E)(j)i + ap^) 

= (g/E)(l + cr) 

BiS Pi = P 2 = q in magnitude. 

The diagonal BD undergoes a contraction of the same 
amount. 

The strain consists of the horizontal displacements AH and 
CK on account of the horizontal shearing forces, and the vertical 
displacements HA' and KG' on account of the, vertical shearing 
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forces. If the total shear is ^ the angle of 90° between the faces 
of the cube is changed to 90 ± ^ so that each face turns through 

i 

The extension along the diagonal AC 
= AA' + CC' 

= {AH + CK) (l/x/2) + (HA' + KC') (l/\/2) 

= (A'D'IV^) (^/2) + (A'B'IV^) {cj^/2) 

= {AD + AB) W2x/2) = 2 X ^/2v/2 = 

as the sides of the cube are but slightly altered in length and 
AD = AB== 1. 

The strain along the diagonal is therefore 
(HV^) 9^/2. 

But the strain along the diagonal is, as we have already seen, 

(1 + (t)(2/E), 

hence (1 + tr)( 9 '/E) = ^/2 == q/2'N 

so N = E/2(l + a). 

But K = E/3(l — 2a) ; hence follow the relations 

(T = E/2N- 1 = E/6K 
and E = 9NK/(3K + N) 

connecting the elastic constants. 

Principal Stresses and Planes of 
Stress. It can be shown that under 
any complex system of forces the 
stress at any point in a body can 
be resolved into a combination of 
three simple tensile or compressive 
stresses on three mutually perpen- 
dicular planes. Such stresses are 
called principal stresses and the 
planes are principal planes of stress 
at the point. 

A simple case is that of tensile 
stresses p^ and py acting on a block 
in two directions at right angles. 
Fig. 16. On any plane AB inclined 
at d to the vertical the resultant stress p can be resolved into a 
stress p^ normal to AB and a stress pt tangential to AB. 


Px 

f 



Fig. 16 . Stress Compontjnts 
ON Inclined Section oe a 
Bar Subjected to Stresses 
AT Bight Angles 
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In terms of the applied stresses 

Pn = Px + Pv COS^0 
Pt = i:Px — Pv) sin e cos d. 
and the resultant stress 

P = V{Pn + Pt^) = a/(p/ sin® 6 + p/ eos® 6) 

The inclination of this stress to the plane AB is given by 
_ ^ _ Px sin® 6 +Py cos® 6 _ ^ + Pv 

“ “ “ Pi (Pj, — p„) sin dcoad~ (Px — P») tan 6' 

If the stresses are unlike, taking as tensUe and Py as com- 
pressive, the resulting normal and tangential stresses on the 
plane AB are 

Pn = Px sin^ 0 — Py cos^ 6 
Pt = {Px — Pv) sin 0 cos 6. 

For p^ = Py and d = 45°, we have = 0 and pt = p^. 

In this instance and Py are themselves principal stresses. 

But consider the wedge ABC of unit thickness Fig. 17, under 
known stresses pa>, Py and q as indicated. 



Fig. 17. Wedge Under Normad and Shear Stresses 

Resolving normally and tangentially to the plane AB 
inclined at 6 to AC, we find for the normal stress 

Pn ~ Px cos^ 0 Py sin^ 0 + sin 0 cos 0 
and for the tangential stress 

Pt = {Px ~ Py) sni 0 cos 0 — g(cos^ 0 — sin^ 0) 

= \{p^ — Py) sin 20 — g cos 20 

The value of 0 that yields the greatest value of p„ is given by 
tan 20 == 2ql{Px — Py), particular value of 0 that 

satisfies this equation pt is zero. 



ELASTICITY : ELEMENTARY THEORY 17 


A twisting moment will produce a pure shear 

stress and also a pure tensile stress of intensity p, and = 
M + + T^) is termed the equivalent twisting moment. 

It can be shown that the equivalent bending moment Mg 
that would produce the same maximum normal stress as M 
and T acting together is = -JM + + T^). 

All planes parallel to the principal planes will be subjected 
only to normal stresses so that our elementary prism ABGD 
of Fig. 1 8 wiU enclose smaller prisms 
such as EFOH, Fig. 19, on whose 
sides only the normal stresses 
and P 2 These have the values 

Pi = iPx + WiPx^ + 4 ^^) 
and WiPx^ + 4g^) 

as shown previously. 

Consider now the equilibrium of 
the wedge of material FOK in the 
prism EFOH. On the face GK 
inclined at to OF there exists a 
normal stress pg, and a shear stress q^. 
mum for = 45° and is then given by 

S's = iiPi - P2) 



Eig. 19. ^ = 45° IS THE Plane 
OF Maximum Shear Stress 


The latter is a maxi- 


and in terms of p^j and q, the stresses with which we commenced, 

S'3 = WiPx^ + ^<f) 

Substituting for p^ and q their values in terms of the bending 
and twisting moments respectively 

q, = (16/7t#)V(M2 + T^) 


A simple twisting moment T^ — (77/16)d^g3 would produce 
the same shear stress. Hence a twisting moment T^ = 
T^) will produce the same maximum shear as M and 
T acting together. 

If the ultimate resistance to rupture by shearing be less than 
half the resistance to rupture by direct tension or compression 
a material will fail by shearing when subjected to a direct tensile 
or compressive force. 

The theory that mild steel shafts under combined bending 
and twisting fail through shear is due to Guest. 
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In cases of complex stress the plane of maximum stress is 
not necessarily the plane of maximum strain. This point is of 
importance in considerations of the criterion of strength; 
whether failiue occurs by the stress exceeding a certain value 
or by the strain exceeding a certain value. 

Suppose Pi andp2 fo be two principal tensile stresses pi > 

The strain in the direction of Pi is 

Pi/E — opa/E = (1/E)(pi — upa) 

The equivalent stress needed to produce the same strain is 

Pe=fx- Op2- 

Hence 


Pe= Pi- 0-pa 

= (p,/2)[i + VC+ - i<ypjm - -v/(i + ^qVp.^)] 
= (pJ2)[(l _ a) + (1 + oW{l + 

At right angles to this there will be an equivalent stress 
pe^ = ipAmi - cr) - (1 + ^r)Vl + 

For steel, Poisson’s Ratio lies between 0-25 and 0-3, hence 
Pe = (PJ2)[(1 - 0-25) + (1 + 0-25) V(1 + V/p^2)] 

= iPx + WiPx^ + 4^^) ’W'hen a = 0-26 

and 

Pe = 0-35pa. + 0-65'\/(pa,^ + 4g'2) when cr = 0-3. 

Graphic Representation of Stress. Referring to the equations 
for the normal and tangential stress components in terms of 
the principal stresses, namely, 

Pn == \{Pl + P 2 ) + i(Pi — p%) COS 26 (1) 

= KPi — P 2) sin 261 (2) 

these lead to a graphic representation known as Mohr's Circle 
of Stress, Fig. 20. 

Let OA and OB represent the stresses Pi and Pa respectively. 
Then a circle on BA of radius Kpi — pa) will give the variation 
in the values of p„ and p< for various values of 6. 
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For a given value of 6 let CD be drawn making an angle 2d 
witb tbe direction of p„ and also the perpendicular DF on OA. 
From the figure, 

OF = 00 + GF = ipi + p^)l2 + (pi - Pa) cos 2612 

= Pi cos® S + Pz 6 

DF = CD sin 26 = (pi — Pa) sin 26/2 

so that OF represents the normal stress on the section and DF 
the tangential stress. The maximum normal stress Pi is given 



Fio. 20. Mohr’s Cirole of Stress 


by OA and the maximum tangential stress — ^ 2 )/^ is given 
by CE and acts on the section corresponding to 0 = 45°. 

Another useful graphical illustration is the ellipse of stress. 
Consider a unit cube of material to be subjected to normal 
stresses Pi and p 2 as indicated in Fig. 21. Take OX in the 
direction of Pi and OF as the direction of p^. Consider the 
stresses on the plane AB. Let 00 = / be the resultant stress 
on this plane making an angle </> with the vertical. Let GD be 
drawn parallel to OX and OF parallel to OF. Then OF == rr = 
/ sin </) and OD — y — f gob (/). The total force in the direction 
of 00 is / . AB. Its vertical component / . AB . cos ^ balances 
the vertical force on AB that is / . AB . cos (f> = p^AB cos 6. 
Its horizontal component f . AB . sin l)alances the horizontal 
force on AB] that is 

/ . AB . sin (f> ^ p^ AB sin B 
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Hence 

(/2 sin2 -I- (/2 cos2 = sin^ (9 + cos^ 6 = 1 

Substituting x and y for f sin ^ and / cos <!> we have 

+ ylPi = 1 

the equation of an ellipse— the ellipse of stress. Its semi-major 
axis is pi and its semi-mmor axis and these are the radii of 
the outer and inner circles respectively. 

To find the stress on any plane such as AB, draw the normal 
ON. Draw the perpendicular on 07 to intersect the ellipse in 



Fig. 21. Ellipse op Stress 


the point C. Then OC gives the magnitude and direction of the 
resultant stress. A perpendicular GO on the normal will give 
the normal stress — GO and the tangential stress = CO. 

If p^ were negative it would need to be measured in the oppo- 
site direction. The resultant stress would then be given by OC\ 
Mohr’s representation may be extended to three-dimensional 
systems of stress. Suppose a rectangular bar to be subjected 
to normal stresses pj^, p^, p^ over faces perpendicular to the 
y -5 2 :- axes respectively, Pi> P 2 > Ps- Over a section through 
the z- axis the stresses p^ and pt may be calculated by means of 
equations 1 and 2, page 18. The circle (1), Fig. 22, represents 
these stresses. The circle (2) represents the stresses over any 
section through the ir-axis. Circle (3) represents the stresses 
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on any section tlirough the y-axis. The three represen 

the stresses over three families of sections through the x-, 
axes. For any section incUned to the x-, y- an , 

stress components are given by the co-ordmates o P 
situated in the shaded portion of the figure. Mohr y> 

which is an extension of the maximum-shear theory, is 



with in the works marked Avith an asterisk in the Bibliography, 

^^Itrute. Cases arise in which a member under load is 
brought to a state of unstable equilibrium and failure occurs by 

The^most important example is that of a strut which, loaded 
axially, will fail under a load lower than that needed to cause 
failure through direct stress. The length of the strut and the 
geometrical distribution of the material in the cross-section are 
important factors influencing the crippling load. 

With struts which are long compared with their lateral 
dimensions, the collapsing load is given by Euler’s formula 
P = tt^EI/L® 


where P = the collapsing load , 

E = Young’s modulus for the material ; 

I = the least moment of inertia of the cross-section : 

L = the length of the strut supposed pm- jointed or 
hinged at the ends. 
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The safe working load is obtained by introducing a suitable 
factor of safety. 

For a given strut the conditions obtaining at the ends greatly 
affect the collapsing load. 

There are four standard cases, Fig. 23 — 

Case I. Ends pin-jointed or free to take up any angle of 
slope as in Fig. 23 {a). Collapsing load P = tt^EI/L^. 

Case II. Both ends fixed in position and direction, Fig. 23 
{b). Collapsing load P = 47r^EI/L^. 

N 

i 

I 
I 
1 

<d> 

Fig. 23. Ent> Conditions for Struts — Standard Cases 

Case III. One end rigidly fixed and the other hinged. 
Pig. 23 (c). Collapsing load P = (81/4)(EI/L2). 

Case IV. One end fixed and the other free to move laterally 
and to take up any angular position. Fig. 23 (d). Collapsing 
load P = 7r2EI/4L2. 

The theoretical formulae are derived on the assumption that 
the struts are perfectly straight and homogeneous and that the 
load is applied in a perfectly axial manner. Actual struts seldom 
satisfy the theoretical conditions and various empirical for- 
mulae are employed to calculate the collapsing load. Rankine’s 
formula is 

P /qA 

1 + a(L/K)2 

where 

A = area of cross-section ; 

/c = the intensity of the ultimate compressive stress, a 
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quantity difficult to determine experimentally and sometimes 
taken as the stress at the yield point in compression ; 

k = the least radius of gyration of the cross-section ; 
a = a constant for a strut with both ends free. Case I. 

For Case II the constant becomes a/4 
„ III „ „ a/2 

„ IV ,, „ 4a 

Values of and a usually given are — 


Material 

1 /g tons per in.^ 

a 

Hard steel 

30 

1/5 000 

Mild steel 

21 

1/7 500 

Wrought iron . 

16 

1/9 000 

Cast iron 

36 

1/1 600 


Strain Energy. Suppose a structural member or a test piece 
to be loaded gradually by increasing the load uniformly from 
zero. If, when the extension amounts to s, Fig. 24, the load has 



Fig. 24, Area AOB Kepresents Work Bone During 
Elastic Strain 

a value P, then for an extension s ds the load will be P + dP. 
The average load over the increment of extension ds is 
(P + dP/2)d5 = Yds, neglecting the small product (dP X 6Z^)/2. 
The total work done in straining the member under the assumed 
conditions is therefore represented by the area OAB and = JYds . 


- /'T 
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Now 5 = strain X length = PL/AE and therefore ds = 
(L/AE)dP. Hence the total work is 




P^L 

2AE 


for a member of length L and cross-section A. 

The result is obtained on the assumption that the load is 
appUed gradually so that the whole work performed is stored 
as potential or strain energy in the member. Actually it is 
immaterial whether the load be applied gradually or not, pro- 
vided the material is not overstrained in the process, since the 
excess energy over and above the amount ^-P X 5 is transformed 
into heat during the damping of the vibrations set up. 

The strain energy stored in a member due to bending can be 
shown to be 



the bending moment M being variable along the length x of the 
beam. 

Similarly, the strain energy due to shear is 


U = 


/ 


2AN^^ 


where A is the area of the cross-section, N the modulus of 
rigidity, and P the shear force. 

The factor k is introduced because the shear stress is not 
uniformly distributed over the section, the distribution depend- 
ing on the shape of the section and the loading. 

Por a circular shaft subjected to a torque T the strain energy 
is 


U = 


/ 


T2 

2n/* or 


if T be constant throughout the length L. 

The energy stored per cubic inch of material when stressed 
to the elastic limit is termed the resilience, Por a tensile stress 
Pi,, compressive stress p^ or shear stress ps, the resiliences are 
i5//2E and p^j^^ respectively. 

If the unit volume of material be subjected to two prin- 
cipal stresses and p^ the work done per unit volume may be 
found as follows — 
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The strain in the direction of pi is 

01 = pJE — apJE 
and in the direction of p2 is 

Ca = i>2/E — oPi/E- 

Hence under gradual application of the stress the work 
done is 

W = == Piy 2 E + p^^^E — ap^JE 

Similarly, if at a point three principal stresses p^, p^, p^ act, 
the work done per unit volume of material in producing these 
stresses is 

W = (l/2E)(pi2 _j_ 4. p 2 s^ _ ((r/E)(piP2 + p^p^ + ^ 3 Pi) 

in which a tensile stress is regarded as positive and a compres- 
sive stress as negative. 

Theories of Elastic Failure. The chief theories put forward 
to account for the elastic failure of materials from which the 
strength of a material under combined stress may be deduced 
from the results of simple tests in tension and compression are — 

(а) The Maximum Stress Theory, sometimes caUed Rankine’s 
Theory, which assumes that, in ductile materials, yielding starts 
in an element when the maximum tensile stress becomes equal 
to the yield point of the material in simple tension, or the 
maximum compressive stress becomes equal to the yield point 
of the material in simple compression. This theory is con- 
tradicted by many examples. 

For instance, if the theory is always true the shearing elastic 
hmit must be at least equal to the tensile elastic Kmit. But for 
nearly all metals the elastic hmit in shear is much less than the 
elastic limit in tension. 

(б) The Maximum Strain Theory or St. Venant’s Theory, 
which assumes that the yielding of a ductile material starts 
when the maximum strain becomes equal to the strain at which 
yielding occurs in simple tension. Results show that this theory 
conflicts with practice in many cases. 

(c) The Maximum Shear Theory or Guest’s Theory. This 
assumes that elastic failure begins when the maximum shear 
stress becomes equal to the maximum shear stress found at the 
yield point in simple tension. Since the maximum shear stress 
is equal to half the difference between the maximum and 
minimum principal stresses the condition for yielding is that 
^^2) = i (sdeld point in tension). 
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The maximum shear theory agrees better with experimeni 
than either of the foregoing theories, and in machine design is 
often used in the case of ductile materials. The precise deter- 
mination of the yield point in shear is not easy. 

{d) HaigEs Strain Energy Theory. This states that inelastic 
action at any point in a body due to any combination of stresses 
begins only when the energy per unit volume absorbed at the 
point is equal to the energy absorbed per unit volume by a bai 
when stressed to the elastic limit in simple tension. 

The condition for yielding is when 

+ Pz^) - ^(P^i + PiPz + PzPl) 

(stress at yield point) ^ 

"" 2E 

The above theories are compared graphically in Fig. 25 foi 
the case of two principal stresses. The lines in the diagram 
represent the values and^pg which yielding starts accord- 
ing to the several theories. The maximum stress theory is 
represented by the square ABGD. The lengths OA, OB repre- 
sent the yield points in simple tension in the x and y directions 
respectively. Points C and D correspond to compression. 

Point a represents equal tensions in two perpendicular 
directions, each equal to the yield point in simple tension. 

By the maximum stress theory there is no yielding for any 
point inside the square. The maximum strain theory is repre- 
sented by the rhombus efgh. Since a tension in one direction 
reduces the strain in a perpendicular direction, two equal ten- 
sions according to this theory can have much higher values at 
yielding, represented by the point e, than with the maximum 
stress theory, point a. If the two principal stresses are equal 
and opposite in sign, yielding starts at lower values according 
to the maximum strain theory — ^points / and h — than with the 
maximum stress theory. 

The hexagon AaBGcD represents the maximum shear theory. 
The results given by the maximum shear and maximum stress 
theories coincide when both principal stresses are equal, but 
there is considerable difference when the principal stresses are of 
opposite sign. 

In the case of two dimensions we have by the strain energy 
eq^uationpi^ + = {f yY 'where fy is the stress at the 
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This is the equation of an ellipse enclosing all points at which 
no yielding takes place according to the maximum strain 
energy theory. It is represented by the fuU line curve in Fig. 25. 
As we have seen, the figure enclosing all points at which no 
yielding takes place according to the maximum shear theory is a 



Fig. 25 . Graphic Comparison of the Theories of 
Elastic Failure 


hexagon. In a three dimensional stress system the correspond- 
ing surface is a hexagonal prism ; this limiting surface consisting 
of six different planes in the stress space. 

To avoid the discontinuities associated with the maximum 
shear theory Hencky and von Mises assumed the limiting sur- 
face to be capable of representation by an equation of the form 

(^>1 - Pi? + {Pi - Pi? + {Pi - Pi? = constant 

the equation of a cylinder circumscribed about the hexagonal 
prism. It was later shown by Hencky that the expression on 
the left-hand side of this equation represents, except for a con- 
stant factor, the elastic energy stored in the material in shear. 
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If ^15 ^2, 63 be taken as the principal strains, the total energ}? 
stored in unit volume of material is 

+ ^> 2^2 + 

Substituting for the values of the strains in terms of the 
principal stresses by using the equations (page 12) 

61 = — c‘(^2 + ^^3)]/E etc. 

we obtain 

(l/2E)[^)i2 ^ + PzPi)] 

The work absorbed in changing the volume, namely 

yuvi + i^2 + Pz)m{^ + 62 + 63) 

is equal to 

[(1 — 2<t)/6E](2)i + ^>2 + p^f 

when the foregoing values of e^, e^, are substituted. 

Subtracting this work from the total energy stored, there 
remains for the energy (W) of distortion 

W = [(1 + <t)/6E][(^)i — p^Y + (p^ — p^)^ + (pa — j3i)2] 

= (l/12]Sr)[(23j, — 5)2)2 _|_ ^ 

since N == E/2(l + a). 

For simple tension where two of the principal stresses are 
zero 

W = (1 + (t/3E)^i2 _ ^^ 2 iQis ! 

The value of the constant in the equation of the surface is 
thus 

12NW = l2N{p^y6N) = 2^i2 2f/ 

where fy == is the yield stress in simple tension. 

In a two dimensional stress system we have 

{Pl-P2r+(P2^) + {-Pir=2fy^ 
that is +P 2 ^-PiP 2 ==fy^ 

the equation of an ellipse. This is shown dotted, circumscribing 
the hexagon, Fig. 25. 

Example. To illustrate the foregoing theories consider a 
shaft of diameter d subjected to a twisting moment T = 25 ton- 
inches and a bending moment M = 33 ton-inches, the elastic 
hniit of the material being 20 tons per in.^ in tension and in 
shear 0-5 of this value. Suppose the shaft to be strained to half 
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the elastic limit. The shear stress q = IGT/tt^Z^ and the tensile 
stress p = 22 M/ 77 #. 


Maximum Stress Theory. 

The maximum normal stress 

= + W{‘P^ - 

20 1 32M 1 

Hence - = -_ + j 


4 ^ 2 ) 


32MV / 2 X 16T y 

' Tid? ) , 


7Td^ / 


Substituting for M and T and solving for d, we find 
d == 3*355 in. 


Maximum Strain Theory^ assuming a = 1/3. 
Maximum stress = 0*35^ + 0*65i/(^^ + V), 
and gives d = 3*395 in. 


Maximum Shear Theory. 

In this case the allowable limit of stress is reached when the 
shear stress \ attains the value 0*5 x 20/2 = 5 

tons per in.^. The required value oid = 3*48 in. 


Strain Energy Theory. 

The energy absorbed per in.^ of material is = _p2/2E + 
gY 2 N. But N = |E for steel, hence w = + 6q^l^. 

With the same working stress and E = 13 400 tons per 
in.^ the permissible amount of energy that may be absorbed 
per unit volume of material is 

1 P 1 (20/2)2 

Wr,iax = 2 E ^ 2 1 3 400 ^ *^'*^0373 inch-tons 

Hence, after substitution, 

4 X 0-00373 X 13 400 = 2(32M/7r#)2 -j- 5(16T/7r#)2 
and d = 3-395 in. 
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Substitution in the equation 

Pi^ + — P 1 P 2 = fy^ 

gives 100 (cZ»)a = (322 /it 2)(M2 + fT^) 

whence d = 3*43 in. 

The relative diameters given by the several theories vary 
with the conditions specified. 



CHAPTER II 

THE STRUCTURE OF METALS 

The view of the elastician that materials are isotropic, on 
which view the analysis of the preceding chapter is based, holds 
good only with materials such as glass, quicldy cooled slags and 
varnish. These materials are structureless even when viewed 
under the highest resolving power of the microscope. With 
metals, however, it has been established beyond doubt that all 
metallic substances are aggregates of crystals. A crystal may 
be defined as a substance whose atoms or molecules are arranged 
in a regular order, following generally some simple geometrical 
configuration. The regular outward form which we term a 
crystal is merely a necessary consequence of this internal 
symmetry. A crystal, therefore, has properties which are not 
uniform but which vary in different directions. When a member 
breaks with a ''snap” fracture due to shock or fatigue, the 
crystalline nature is at once apparent and has led to the state- 
ment that "because the metal crystallized” it became brittle 
and broke off "short.” This is quite a wrong impression. The 
material was crystalline from the very commencement of 
solidification and the crystalline appearance is not the cause, 
but the outcome, of the mechanism of fracture. 

It is agreed that the elastic constants vary in different samples 
of nominally the same substance and the assumption that a 
metal or alloy is homogeneous or isotropic is inaccurate. Hence 
the fundamental assumption of the theory of elasticity is only 
a rough approximation to the truth. Nevertheless, in any metal 
or alloy, the crystal grains are generally so very small and their 
orientation of position, or lie, so much at random, that the 
material may be considered to be statistically homogeneous. 
This is especially so when we recollect that the sizes of members 
used in practice are invariably colossal when compared with 
the dimensions of the crystals of the material. Consequently, 
for the general purposes of strength of materials the assumption 
mentioned before may be admitted, and ordinarily metaUic 
bodies may be considered to be continuous. As soon as pre- 
cision is attempted the assumption fails completely and in any 
discussion of phenomena such as elastic failure, strain hardening, 
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hysteresis, 3aeld, recovery, etc., the fine structure of metals 
and alloys cannot be left out of consideration. Matter exists 
in the three states, gaseous, liquid, and solid. The mechanism 



of transition of matter from one 
to another of these states is con- 
trolled by physical and not by 
chemical laws. The freezing of 
steel in an ingot is a process 
similar precisely to the freezing 
of water in a pond — ^both are 
examples of the change of a 
physical state from liquid to 
solid. So also, the condensation 
of steam in a vessel is the same 
phenomenon as the condensa- 
tion of zinc vapour during the 
manufacture of zinc by the 
retort process. At the moment 
of solidification the atoms of 
the metal arrange themselves 
in a regular order. During this 
intense activity of the atoms 
the rate of cooling is arrested 
and an amount of energy, as 
heat, is evolved. This is the 
well-known latent heat of freez- 
ing. In the case of most pure 
commercial metals the atoms 
arrange themselves in the form 
of cubes, but zinc, magnesium 
and antimony crystallize in 
hexagonal form. 

The atoms of a metal which 


Fig. 26. Graphic Repiiesenta. prystal^es in the form of cubes, 
TioN OF Atomic Struotuhe I*®* m the cubic system, may ar- 
range themselves in two ways — 
(1) They may occupy the corners of a cube with one atom 
occupying the centre of each cube, Fig. 26 (a). This arrangement 
is called the body-centred cube arrangement and it is seen that 
each crystal unit is composed of nine atoms, kept in their rela- 
tive positions by forces of attraction and repulsion existing 
between them. (2) They may occupy the corners of a cube with 
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one atom occupying the centre of each face, Fig. 26 (b). In 
this case each crystal unit will be composed of fourteen atoms, 
the arrangement being GSbUed the face-centred-cube arrangement. 

The circles in the figure must not be regarded as representing 
the actual atoms but merely the spaces within which the atoms 
vibrate. 

Since the atoms are not, as a rule, stationary, but are vibrat- 
ing, the amplitude of the vibrations increases with the tem- 
perature up to a certain point where the vibration of the 
atoms will overcome the forces keeping them in their respective 
positions in the cube. At this temperature the regular ar- 
rangement is lost and the metal liquefies. Some metals are 
capable of crystallizing in more than one arrangement and 
are then said to possess different allotropic modifications. Each 
modification will possess different properties and will be stable 
at different limits of temperature. Thus, pure iron below 900° C. 
crystallizes as the body-centred-cube whilst above 900° C. it 
crystallizes as the face-centred-cube arrangement. Therefore, 
on cooling, pure iron changes its crystalline form at 900° C. 
Coincident with these changes is, amongst other things, the 
loss of the power to dissolve carbon. It is upon this aUotropic 
transformation, which occurs at 900° C., that the whole of the 
heat treatment of steel depends. There is necessarily a space 
between the atoms which build up any solid material, so our 
present idea of a solid is one in which the constituents are built 
up as a lattice and we thus get the conception of a space lattice. 

At the moment of solidification the atoms of the substance 
which have now almost freedom of motion but are under more 
restraint than when in the gaseous state, are subjected to the 
crystallizing force which arranges them on a regular space 
lattice. Some idea of the immensity of this force is shown by the 
splitting of rocks due to the freezing of water in pores and capil- 
laries. Solidification starts by the simultaneous appearance of 
nuclei in various parts of the molten metal. Once the nuclei 
have made their appearance further solidification takes place 
by the building up of the atoms of the solid in a regular manner 
around each nucleus. From the nucleus, branches in three 
directions in space appear. These will have further branches 
and so on, all in a regular manner, until the solidifying mass of 
regular space lattice has grown to meet the solid grown in the 
same manner from another nucleus. 

The atoms of the crystallizing material governed by any one 
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nucleus, will form crystal units which will arrange themselves 
regularly in one direction, which is generally referred to as the 
orientation. Similarly with the matter crystallizing from other 
nuclei, the crystal units will arrange themselves regularly in a 
different direction and this crystallized mass is said to possess 
a different orientation. 

At this stage the solidifying mass is composed of a number of 
colonies each of which is formed on its nucleus and has been 
built up of a number of crystal units. The outward sha.pe 
of the colony is symmetrical, and if the liquid remaining is 
poured or drains away the sohdified mass has the regular shape 
usually associated with crystals. The perfectly grown crystal 
is known as an idiomorphic crystal. Ordinarily, however, the 
regular outward shape of a crystal is not seen because the 
colony, or what is a better term, the crystal grain, interferes and 
is interfered with by its neighbours and the outward form bears 
no resemblance to a crystal. It is, nevertheless, a crystal in the 
true sense as it is built up of material in a regular manner and 
its atoms are positioned on a regular space lattice. This crystal 
is termed an allotriomorphic crystal. The number of nuclei 
that will appear and hence the number of crystal grains in any 
particular volume will depend, among other things, on the rate 
of cooling in the immediate neighbourhood. The greater the 
rate of cooling the greater the number of crystal grains and 
generally the tougher the material. The atoms present in the 
last traces of hquid to sohdify will be subjected to the crystal- 
lizing or arranging force of contiguous crystal grains and will 
not be able to attach themselves, as the pull exerted by one 
grain will balance that of another. The result is that the 
last remaining atoms will not form part of a crystal but will 
remain on their irregular or non-crystalline lattice. This film 
has been given the name amorphous cement but a more descrip- 
tive term is irregular lattice. This boundary between the crystal 
grains plays an important part. It is harder than the crystal 
proper, and its atoms not being regularly arranged, there is 
no crystalline material present and hence no favourable plane 
of cleavage. Consequently, in metals, fracture should and does 
ordinarily take place across the cleavage planes of the crystals 
and not between the crystals, i.e. in the boimdaries. 

If fracture should take place under normal conditions along 
the boundaries of the crystal grains a weak or brittle con- 
stituent in the boundary material is implied. 
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crystallize out simultaneously giving a characteristic laminated 
pattern. The structure is also grain-like since the eutectic 
appears as grains or colonies and the laminations of the two con- 
stituent metals are parallel in any grain, but the parallel 
laminations change their direction on going from one grain to 
another, each eutectic grain having originated in a nucleus and 
being controlled by it. 

If the amount of this second metal is very small, the main or 
primary crystal will attract its own constituent from the eutec- 
tic, and as a result the alloy may consist of crystals of the 
metal in excess surrounded by an envelope of the second metal. 
If such a film were composed of a much weaker metal than the 
parent metal, then the strength of the alloy would be affected 
adversely and fracture would take place, not, as usual, through 
the cleavage planes of the crystal but between the crystals. 
For example, it is known that 0*01 per cent of bismuth will 
utterly destroy the resistance of copper to deformation. 
Again, brittleness in mild steel is associated with a film of hard 
carbide around the iron crystals. A weak film is not always a 
disadvantage, as a small amount of lead, which wiU not dis- 
solve in copper or brass, but will separate between the crystal 
grains, will facilitate rapid machining. 

On the other hand, a second metal may act as a stiffener for 
the rest of the alloy. A slight excess of zinc over that required 
to form what is known as the oc - solid solution of zinc in copper 
causes the appearance of a second solution — the ^ - solid solution 
— containing more zinc, which being harder acts as a stiffening 
agent. A large amount of the ^ - solid makes the brass too hard 
for cold forging and hot forging must be resorted to. 

(3) The two metals, on solidification, may combine in some 
simple atomic proportion to form a compound which, under the 
circumstances of the existence of the alloy, is indestructible 
and plays the part of an element or of a pure substance. 

The freezing of this alloy will then take place exactly as in 
(1) or (2), depending on whether the compound is soluble or 
insoluble in the metal in excess of that required for the forma- 
tion of the compound. Intermetallic compounds are generally 
brittle, and their formation must be controlled in all engin- 
eeriug materials. 

It must be pointed out that the foregoing generalizations 
apply with equal force to alloys consisting of more than two 
metals, and further, that more than one sofid solution and/or 
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more than one intermetallic compound may be formed in an 
alloy. 

The temperatures at which an alloy undergoes changes such 
as sohdification are generally accompanied by evolutions of 
heat on cooling and absorptions of heat on heating. If these 
temperatures are plotted on a chart having the horizontal axis 
for the composition, and the ordinate as temperature, the 
resulting chart is called the equilibrium diagram. In the ease 
of two metals the equilibrium diagram is a plane figure, but in 
the case of three the diagram becomes three-dimensional. 

The physical changes which a metal or alloy can undergo are 
not necessarily ended on solidification. Mention has already 
been made of the allotropic modifications of pure metals, and 
that on changing from one form to another the properiies of the 
material may, and generally do, change. Another example is 
the fact that an alloy which at a high temperature forms a solid 
solution, at some lower temperature may break down into its 
constituents by a mechanism exactly parallel to the breakdown 
of a liquid solution into constituents which are not soluble in 
each other. So complete is the analogy that the eutectic formed 
from the breakdown of a liquid solution finds its counterpart in 
the eutectoid formed from the breakdown of a solid solution. 
These changes involved thermal changes which, with modern 
apparatus, are easily determined. It is upon a knowledge of 
the changes taking place in the sohd alloy that the whole of the 
heat treatment of alloys depends. 

It has already been stated that iron changes its crystal charac- 
ter at 900*^ C. ; above this temperature, iron is in the y-condition 
(or face-centred cubic lattice). Below this modification it is 
called oL-iron (and is body-centred cubic). Iron when in the 
y-condition can dissolve carbon. Consequently, just as mag- 
netic properties are acquired on cooling through 900° C., so is 
the power of holding carbon in solid solution lost ; the carbon, 
however, is not precipitated as such but as iron carbide, Fe^ C. 

It must be remembered, then, that just as the addition of a 
second metal wiU lower the temperature at which freezing will 
start, so will carbon or iron carbide decrease the temperature at 
which the y oc change will take place. However vigorously an 
iron or steel is quenched the y -> a change can not be wholly 
stopped and the speed at which steel cools through this critical 
range of temperature will affect the structure. 

If a steel be heated to about 20° to 30° C. above this critical 
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temperature for about one hour per inch thickness of section the 
carbide of iron will go into solid solution due to the a -> 7 
change taking place. 

If the steel be allowed to cool down with the furnace in its 
own time, the treatment is called annealing. If the bar is 
withdrawn and allowed to cool in air, it is said to be normalized, 
but if the cooling is quickened by plunging the bar straight into 
a hquid, the bar is said to be hardened by quenching — ^the hard- 
ness increasing with the rapidity with which the heat is with- 
drawn — quenching in cold water giving a much harder product 
than quenching in oil. 

The mechanical properties depend on the type of cooling 
adopted: anneahng gives relatively low tensile figures with 
relatively high elongations and comparatively low shock- 
resisting properties, whereas quenching in water gives high 
tenacity, low elongation, and low resistance to impact if 
the proportion of carbon be more than 0*25 per cent. Nor- 
mahzing is roughly intermediate, with good shock-resisting 
properties. 

With relatively slow cooling the nuclei of the oc-iron crystals 
will form in that part of the structure of the y-sohd solution 
where the atoms are not already on a regular space lattice, 
i.e. in the grain boundaries, and a structure similar to the 7 - 
iron, but not necessarily of the same grain size, will result if 
no carbon is present ; whereas, if carbon be present the carbide 
of iron and part of the iron will form a eutectoid, the relative 
amounts of a-iron and eutectoid depending on the amount of 
carbon originally in the steel. With a rapid quenching, time is 
denied for the growth of a-crystals from nuclei and the a- 
crystals will be precipitated in the weakest part of the iron, 
i.e. in the cleavage planes. The face-centred crystal unit cubes 
of 7 -iron arrange themselves as octahedra whose section on a 
cleavage plane is an equilateral triangle. The a-iron is then pre- 
cipitated in these cleavage planes and can be seen under the 
microscope with suitable magnification, like crystal plates 
arranged at 60° to one another. This structure is typical and 
denotes a very brittle material. It is not confined to iron- 
carbon alloys (steels), but is found in any alloy system which 
crystallizes in a similar way, such as aluminium-copper- 
alloys (Al-Bronze) containing more than 10 per cent of 
aluminium. 

The preparation and examination of metals and alloys under 
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the microscope requires a technique which is attained only by 
practice. A suitable specimen is carefully cut from the bulk and 
ground down to a mirror-like finish by means of emery papers 
of increasing degrees of fineness, the last traces of fine scratches 
being removed by polishing the specimen on a rapidly rotating 
cloth-covered disc fed with some oxide abrasive, generally 
diamantine, which is calcined alumina AL^O^. This fine polish- 
ing causes a very thin surface layer of ‘"flowed"' metal which 
has, during its slight mobility, smeared the surface and filled 
the little valleys of the scratches. 

The structure of the metal is then revealed by an etching 
reagent which un-builds the structure downwards by dissolving 
away, first of all, the smeared surface layer. Dilute alcoholic 
solutions of mineral acids, such as nitric acid, are suitable 
reagents. The etching is stopped when desired and the structure 
examined under a microscope by normal illumination. 

We have seen now that in any metal the atoms are built up 
in a regular manner having a geometrical configuration, and 
we can visualize that certain planes will contain more atoms 
than others and will accordingly resist stresses better so that 
cleavage and fracture will take place on certain planes more 
readily than on others. It will be realized that the lattice of 
any metal can be distorted, but only within certain limits, and 
that once that limit is exceeded the lattice breaks down. 

On the basis that the atoms of any two metals are different, 
it follows that, when any atoms of an added metal take the 
place of atoms on a regular lattice there is bound to be distortion 
and consequent hardening. Such is the case when zinc is added 
to copper. Copper crystallizes in the face-centred cubic arrange- 
ment. A certain number of zinc atoms can enter the lattice, and 
although distorting the lattice and making the material harder 
it is not until about 30 per cent of zinc is added that the lattice 
is distorted so much that it breaks down. 

Brass containing up to 30 per cent zinc is a solid solution 
termed a, and the space lattice pattern of the crystal is still the 
face-centred cubic. This brass can be cold forged. When more 
than 30 per cent zinc is added the number of zinc atoms so dis- 
torts the lattice that it breaks down and a new lattice, the body 
centred cubic, is formed, which is not so ductile. This second 
space lattice is another solid solution called 

Ordinary yellow brass or Muntz Metal contains 40 per cent 
zinc and consists of crystals of the a-sohd solution surrounded 

4 — (T.48) 
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by the crystals of the jS-solid solution. This amount of /?-solid 
solution is sufficient to stiffen up the a-solid solution so that it 
can be forged only at high temperatures, the alloy being too 
brittle to be forged at ordinary temperatures. 

The space lattice of a metal or alloy can also be deformed by 
mechanical means. When the lattice is only slightly distorted, 
on removing the stress the lattice reverts to its normal con- 
figuration. If, however, the limit of distortion is exceeded, the 
lattice is permanently deformed and the elastic Kmit has been 
passed and a permanent set appears. Above the elastic limit, 
i.e. in the plastic region, the crystals accommodate them- 
selves by a process whereby the planes of atoms slip over one 
another. This can be seen on a previously polished and etched 
surface of a metal or ductile alloy by the appearance of parallel, 
more or less straight, lines known as sli;p bands which, in reahty, 
are little steps on the surface which have been produced by 
minute slips occurring on some of the crystal planes. By this 
means the crystal grains are elongated, becoming fibre-like, 
so that when a stress is imposed gradually and continuously 
up to breaking point, the resulting fracture is fibrous, breaking 
on a cleavage plane of the long fibre. 

If, however, a stress greater than the breaking load is placed 
suddenly on the specimen the crystal grain has no time to 
elongate, and fracture occurs across the cleavage plane of the 
non-elongated crystal grain and appears coarsely crystalline. 

In this short summary dealmg with the structure of metals 
sufficient has been said to enable the testing engineer to appre- 
ciate the importance of the inner structure of the materials 
with which he has to deal. For a more detailed account reference 
should be made to works on metallography. 



CHAPTER III 

UNIVERSAL TESTING MACHINES 

Principles Underlying the Ctonstruetion of Testi^ Machines. 

The essential parts of a machine for making tension and com- 
pression tests comprise a straining gear for applying the load 
to the test piece and apparatus for measuring the load, so 
arranged that the accuracy of the measuring device is un- 
affected by the distortion of the specimen. 

The straining mechanism may consist of a hydraulic ram on 
which fluid pressure is exerted by means of an accumulator or 
by a pump ; or the straining action may be accomphshed by 
screw geariag, operated by hand or power. 

Machines may be of the horizontal or vertical type, the former 
offering some advantage for heavy work although occupying 
more floor space. 

For measuring the load or force on the specimen several 
methods are available. The chief of these are — 

(1) An apphcation of the principle of the steelyard employ- 
ing a lever, or system of levers, provided with a movable 
counterpoise. Such machines are termed single-lever or 
multiple-lever machines, as the case may be. 

(2) The use of a weighted pendulum, the load being deter- 
mined by observing the angle through which the pendulum 
is deflected. 

(3) The simple method of measuring the pressure of the 
fluid in the straining cylinder. 

(4) Balancing the load by fluid pressure acting on a 
diaphragm. 

While methods (3) and (4) largely obviate inertia stresses in 
the test piece they are not regarded with favour, and by respon- 
sible authorities machines embodying the weighbeam principle 
are preferred. 

Considerations of space prevent the description of the many 
types that have been introduced and attention will therefore 
be confined to a few modern machmes used for commercial 
testing and research. 

Denison 15-ton Testing Machine. A typical single-lever 
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machine of moderate capacity is the 15-ton machine made by 
Messrs. Samuel Denison & Son Ltd., Leeds. 

The principle of the machine is shown in Fig. 27. A vertical 
frame F supports the horizontal steelyard or beam L, at the 
knife-edge B, the angular motion of the beam being limited by 

stops SS. At (7 is a second 
knife-edge carrying the hnk 
D, to the lower end of which 
the specimen is attached. 
The other end of the speci- 
men is gripped in the cross- 
head H connected by tie rods 
to the ram R working in the 
straining cyhnder A. The 
downward movement of the 
ram under pressure loads the 
test piece. To balance the 
load, the poise w is moved 
along the steelyard until 
equihbrium is attained. 

If W is the weight of the 
steelyard acting at its centre 

Fig. 27 . Principle of Single- gravity 0, at a distance k 

LEVER Testing Machine from the support, W the 

weight of the poise and T 
the pull on the test piece acting at a distance h from the 
support ; then, for equihbrium, 

Th + 'wx— Wk == 0 

The zero position, Xq of the poise weight is obtained by 
placing T = 0 in the above equation, whence 

Xq ~ Wk/w 

The actual machine is illustrated in Fig. 28. For tensile 
tests the machine is equipped with dies for holding unprepared 
rounds, flats, and squares. The grips wiU accommodate flat 
specimens up to f in. thick, and round and square specimens 
from I in. to 1| in. diameter or side. 

The maximum and minimum distances between the wedge 
boxes P are 18 in. and zero respectively. 

Compression tests can be made on specimens up to 8 in. in 
length and the compression plates A are 7 in. diameter. The 







Fig. 28. Denisok 15-ton Vektical Single -eever Testing Machine 

{MojcTiviiery) 
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upper compression plate is attached to the underside of the 
straining head 5 by a simple bayonet fastening and the lower 
plate is located on the beam (7 by a spigot. The faces of the 
compression plates are scored with concentric rings to facilitate 
setting the specimen. 

Transverse tests can be made on spans from 6 in. to 36 in. 
by 6 in. increments. Tests in double shear are performed by 
using the upper compression plate to apply the load to the 
middle member of a shear dog. The dog is provided with holes 
for testing specimens J in., | in., and ^ in. diameter. 

Bending tests on bars to be bent through 180° are carried out 
by the use of a special knee and block. 

The controls are conveniently placed on the front of the 
main column D. Torsion tests are made at F, the maximum and 
minimum observed lengths of the torsion specimens being 20 
and 3 in. respectively. 

The straining gear is on the left of the main standard. No 
special foundations are required with the exception of a small 
pit G to take the straining crosshead. 

The drive is by electric motor H through a roller chain and 
the motor is provided with a speed control panel /, the range of 
speed being from 350 to 1 400 r.p.m. 

The straining gear receives its motion from one of the two 
chain drives from the motor to the lay-shaft and thence through 
a worm gear to the straining screw /. The two chain drives from 
the motor in conjunction with friction clutches controlled by 
the lever L provide two speeds, the upper being used for 
setting the head and the lower for appljring the load. 

The setting of a dog clutch controlled by a pedal M deter- 
mines whether the lay-shaft drives the torsion straining head or 
the tension straining gear. For torsion at F, the drive passes 
through a compound worm box to the torque sleeve N, with 
which is incorporated a floating transmitter to allow for varia- 
tion in the length of the torsion specimen when under test. 

The weighing gear for use in tests other than torsion comprises 
a steelyard with a travelling poise weight 00^. The knife- 
edges are of a patent dove-tailed inchned type, and as they are 
jig-produced they are interchangeable. The poise 00^ is in 
two parts, a traveller and a follower, the former being of the 
total weight. With the traveller and follower disconnected the 
capacity of the machine is reduced to two tons. A hand lever 
R and catch on the follower enables the two to be readily 
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The Buckton lOO-ton Horizontal Testing Machine is shown 
diagrammatically in Fig. 29, from which the principle of opera- 
tion will be readily understood. In the straining cylinder C 
works a single-acting ram carr3dng the shde S. The shde is 
guided by a groove in the bed. The crosshead H-^ carried by the 
slide can be locked in any one of a number of positions by means 
of keys. 

Tension specimens are held between the crossheads and 
H 2 , the latter being attached to stout steel rods D running the 



Fig. 29. Buckton 100-ton Horizontal Testing Machine 


whole length of the machine. The rods are connected to the 
crossheads E and F, one at each end of the machine, the whole 
being termed the measuring frame. 

The action of the machine will be understood by imagining a 
specimen inserted between and H 2 and pressure applied to 
the straining cyhnder. As the ram moves outwards carrying 
with it the shde and its attached crosshead, the pull on the 
specimen is transmitted through the head H 2 and the rods D 
to the knife-edge M in the head E. The motion of E is con- 
strained by the bell-crank lever Q and a system of knife-edges. 
The pull on the specimen is ultimately transmitted through the 
rod B to the steelyard L. By adjusting the poise to balance, the 
load on the test piece can be ascertained. 

Compression and bending tests can be made by placing the 
specimen in either of the positions I^, /g. Bending tests are 
generally made by using a substantial cross beam as a support. 
This is attached to the head F and will accommodate specimens 
up to 10 ft. in length. 
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The friction between the sliding frame and the bed is of little 
import as the force to overcome frictional effects here is not 
transmitted to the measuring gear. Movements of the measur- 
ing frame, though of course very small, should not be restricted 
by friction, and to secure this condition as far as possible the 
frame is supported on a system of knife-edges and rollers. 

In testing long members in compression, any side thrust 
caused by eccentricity of loading on the machine, or bending 
of the specimen, is transmitted by the sHde to the bed without 
inconvenience. Some extra provision, however, is needed in the 
case of the measuring frame and this is secured by means of 
side stays fitted with rollers. 

Pressure is applied to the straining cylinder by a hydraulic 
accumulator operating at 2 000 lb. per in.^ The return stroke 
of the ram was brought about in the earher machines by the 
action of a heavy counterweight working in a pit under the 
bed, but this is now replaced by a hydraulic return cyhnder. 

The outer end of the ram at its point of attachment to the 
crosshead is threaded and carries a large circular nut. With this 
device it is possible to lock the specimen and maintain on it a 
constant load for as long as desired. Any trouble that might be 
occasioned by release of part of the load through fluid leakage 
is thus avoided. 

The knife-edges M and N are carried by the bell-crank lever 
Q, their seats being formed by extensions on the head E and 
the cylinder C respectively. When the machine is operated at 
its full capacity the load on the knife-edges is 5 tons per in. run. 

The joint 0 and the knife-edge N are on the same level and 
32 in. apart. The vertical distance between M and W is 4 in., 
thus giving a leverage of 8 to 1. 

A duplicate pair of knife-edges, not shown in the diagram, is 
provided at a distance of 8 in. below the level of the knife- 
edge M. This permits the leverage to be altered from 8 to 1 
to 4 to 1 with a corresponding alteration of the scale of the 
weighbeam from 100 tons to 50 tons. 

The poise w weighs | ton and on the 100 ton scale the poise 
travels 2 in. per ton of load. With the 4 to 1 leverage the poise 
travels twice this amount or 4 in. per ton of load. On this scale 
it is possible to read to 0*001 ton, roughly 2^ lb. 

It is of interest to consider in some detail the forces acting 
on the steelyard. Referring to Fig. 29, if Tq is the pull in the 
rod R due to the weight of the parts, W the weight of the beam 
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acting at its centre of gravity G, and w the weight of the poise 
acting at a distance Xq from the fulcrum, then for equilibrium : 

WJfc = TJi + wxq 

For a load P on the specimen producing a pull T in the rod 
jR, we have, with the poise on the other side of the fulcrum and 
distant x from the zero of the scale, 

WA; = (T + To)A + w{Xq — x) 

= + TqA + wxq — wx 

and since TJi = — WX(^ 

Wi; = TA + W/; — wXq -f- wXq — wx 
so that TA = wx. 

The distance A is 8 in. so that if the machine is used on the 
100 ton range with the 8 : 1 leverage and if there is a pull of 
P tons on the specimen, T = P/8. 

Hence (P/8) x ^ = wx — \x, giving P = x/2 tons. 

If P is 1 ton, rr = 2 in., or the scale is 2 in. per ton of load, 
and 200 in. of travel are needed for the full 100 tons. 

With the poise at the extreme end of its travel 

8(T + To) = W^ + ^(200-:ro) 

= WA 4- lUw 

as is about 66 in,, T is then 100/8 and we have 
^ 100 X 8 

8 To + g = W* + ^200- o^o) 

that is 100 ^Wk + 24j(200 - x^) — 8To 

= W* + 134z^- 8To 

Neglecting then the weight of the parts, we see that the force 
at the specimen when the poise is at the end of its travel is 
134^^;, and since is ^ ton the poise in this position balances 
about I of the total load, the remainder being balanced by the 
weight of the beam itself. 

Some interesting data relating to inertia effects in a machine 
of this t^e were given some years ago by the late Professor 
A. C. Elhott of University College, Cardiff. 

The weight of the beam was about 1*25 tons and its moment 
of inertia about the fulcrum approximately 49 ton.-ft.^ units. 
The moment of inertia of the poise when at the end of its travel 
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about the fulcrum was 63 ton-ffc.^ units. The total moment of 
inertia I of the beam and poise was thus 112 ton-ft.^ 

Now, assuming the test piece to be stretching under an 
acceleration a, the angular acceleration of the steelyard will be 
8a/A and the torque about the fulcrum (8a/A) X I. 

The corresponding force at the specimen would be 

the reduced mass of the steelyard and poise being represented 
by 16 100 tons at the specimen. 

The periodic time of vibration of the beam is given by 

^ ^ /angular displacement 

' angular acceleration 

and this is the same as the period of oscillation of the specimen 
about its mean length, namely 

T — 2 / displacement 

/ force on specimen 
J reduced mass 

If L is the length of the specimen, A its cross-sectional area, 
E the modulus of elasticity, S the reduced mass, e the dis- 
placement, and g = 32-2 x 12 in the present instance. 

Force on specimen = stress X sectional area 

== E X strain X sectional area 


= E X (e/L) X A 
and the time of vibration 


T = 277 


^LS 

gEA 


For a wrought iron bar 1-^ in. diameter and 36 in. long, for 
which E was 12 000 tons per in.^, and under a load of 20 tons 
for which the reduced mass of the beam was about 7 300 tons, 
the calculated time of oscillation was 1T2 sec. while experiment 
showed the time to be 1*5 sec. 

An experiment on a mild steel test piece 10 in. long between 
gauge points showed an amplitude of vibration of 0-0006 in., 
corresponding to the full swing of the beam. On the whole 
length of specimen the amplitude was about 0*0007 in. The 
big difference between the observed and calculated results is 
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due to lost motion in the parts and will be smaller the greater 
the leverage of the machine. 

The manufacture of the Buckton machines is now in the 
hands of Messrs. W. & T. Avery Ltd., Birmingham. 

Lever System of Multiple-lever Machine. The lever system 
of a multiple-lever machine is shown diagrammatically in Fig. 
30. The straining screws pass through bearings in the base F and 



Fig. 30- Lever System of Multiple -lever Machine 


rotate in bronze nuts in the pulling head The downward 
pull on the specimen is transmitted through the head to the 
platen resting on the main levers, and is then transmitted 
through the intermediate lever L to the steel yard M. Owing to 
the great leverage ratio, about 3 000 to 1 at the end of the steel- 
yard, the poise need weigh only a few pounds. 

The testing speeds available vary with the size of the machine. 
In the case of a machine giving six pulling speeds they are 
approximately — 

8*0 in. per min. for setting the head. 

2-0 in. per min. for quick testing. 

1-0 in. per min. for medium testing. 

0-4 in. per min. for slow testing. 

0*2 in. per min. for crushing tests. 

0*1 in. per min. for slowest speed. 

The Olsen Multiple Lever Machine is shown in Figs. 31 and 
32. In this machine the straining screws work in rotating nuts 
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N and do not project above the pulling head. The space 
around the tension specimen is thus less restricted than would 
otherwise be the case, which is sometimes an advantage when 
an extensometer is used. A pit underneath the machine is 
needed to accommodate the straining screws. Two, three, or 



Fig. 32 . Kear View of Olsen Multiple -lever 
Testing Machine 
{Tinius Olsen Testing Machine Co.) 


four screws may be employed and the nuts are of exceptional 
length in order to minimize wear. 

The main levers rest on fulcra as indicated at A and (7, Fig. 
31, and support the platen on knife-edges as at B and D. The 
recoil of the system when the specimen fractures is taken by 
rubber buffers on the top corners of the platen. Three poise 
weights are provided, one for registering full load, one for half 
load, and one giving full load. An adjustable counterweight 
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enables the weight of the specimen and grips to be balanced 
before commencing a test. 

An interesting feature is the autographic gear for recording 
the test and its automatic control. The autographic gear is shown 
in Fig. 33 and is entirely independent of the weighing system. 

The clamps B are attached in position on the specimen by 
means of a jig or setting device. The calliper fingers A rest in 
contact with the clamps on the specimen. The elongation of the 
specimen is transmitted through the calliper fingers to the tubes 
C and D respectively. Relative movement between the tubes 
is then converted into rotation of the drum B by means of the 
thin metal band L fastened at K. This rotation provides the 
strain ordinate. 

The screw on the steelyard controls the motion of the poise 
V through variable speed cones Z (Fig. 31) which are driven by 
an independent electric motor. The poise V moves the pen 
carriage T on its guide Q a corresponding amount by means of 
the cord W passing under pulley VA and over pulley VB. 
The combined motion of the pencil and drum develops the 
load-extension diagram. 

In one type of recording gear the pencil is kept in a state of 
vibration by an electromagnet and traces out the record as a 
succession of dots the object being to avoid pencil friction. The 
speed cones permit the rate of travel of the weighing poise to 
be easily and quickly adjusted in order to produce a characteris- 
tic diagram under aU conditions. 

The method of using the autographic attachment is as 
follows. 

The beam is balanced with the poise at zero and the clamps 
attached to the specimen as in Fig. 33. The hand lever 0 is 
latched down at /, which is the locking position, when the 
caUiper fingers may be adjusted on their respective tubes to the 
required positions. The caUiper fingers should be so placed as 
to be from half an inch clear to lightly touching both sides of 
each clamp B. In the tension test it is necessary that the upper 
caUiper fingers be placed on the vertical tube C in front of the 
machine, while the lower caUiper fingers are attached to the 
tube D at the rear. 

The two tension springs G and H at the rear of the machine 
should be so placed that the heavier of the two springs will be 
at the position shown at G. The hand lever 0 is then unlatched 
from position I and raised to the extreme position where it 
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is latched at /, and at the same time the calliper fingers are 
guided to their respective clamps to ensure proper seating. 



Fig. 33. Autographic Attachment for Olsen Testing 
Machine 
{Machinery) 


The upper calhper fingers drop on to the lower clamp. If this 
action is not secured the spring tension on 0 and H shotdd be 
adjusted. 
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leads to a small cylinder containing a piston D. This com- 
munication is always open and cannot be cut off by the valve 
By SO that the dynamometer is always loaded to the same pres- 
sure as exists in the straining cylinder. The outward movement 
of the piston causes the pendulum P to deflect and thus to 



indicate on the dial F the load exerted on the test piece. The 
drum M enables autographic records to be obtained. 

The makers guarantee these machines to 1 per cent absolute 
accuracy for all loads above half the indicated maximum. All 
machines comply with the regulations laid down by the Inter- 
national Association for Testing Materials. 

Calibration o£ Testing Machines. To calibrate a testing 
machine accurately is a matter of some difSculty. The really 
satisfactory way is to load the machine with dead weights 

5-(T.48) 
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throughout its entire range. This is seldom possible after a 
Tnanliinfi has been installed and indirect methods have to be 
employed. 

With single-lever machmes the weight of the poise and the 
length of the short arm of the lever can be verified as follows— 
The weight of the poise can be ascertained (a) by weighing 
either with a weighing machine suspended from a crane or by 



Fig. 35 . Arrangement for Calibrating Multiple -lever 
Testing Machine 
{Machinery) 


removing the poise and weighing it on a platform machine; 
( 6 ) by the method now to be described. 

Balance the beam and adjust the vernier to zero. Hang a 
known weight w from the beam at a known distance I from the 
fulcrum. Restore balance by running the poise along the beam. 
If W is the weight of the poise and L the distance it is moved in 
order to restore balance, we have by moments 

W X L = X Z 
hence W = wllh. 

To check the distance between the knife-edges, balance the 
beam and adjust the vernier to zero. Hang a heavy weight w 
in the shackle of the machine and move the poise forwards until 
equihbrium is restored. 

If Z 3 is the length of the short arm of the lever, by moments 

Z, = JMIw 

With multiple lever machines a method frequently adopted 
is to use proving levers. One form, for use in compression, is 
shown in Fig. 35. Two levers are arranged with their fulcra 
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on the part A which bears on the underside of the pulling head. 
The levers rest on the knife-edge seats in the casting B supported 
on the platen of the machine. Weights are placed in the scale 
pans at the ends of the levers and comparison made with the 
corresponding positions of the poise on the steelyard when the 
beam is in balance at the respective loads. 

The machine is first balanced for the deadweight of the load- 
ing device before applying the calibrating weights. The load 
on the machine is calculated fi:om the leverage ratio, which is 
usually 10 to 1 or 20 to 1. 

Another method of calibration is to employ a standard 
steel bar and an accurate extensometer. The bar is first tested 
in a machine of known accuracy and its modulus of elasticity 
determined. A test is then made on the machine under con- 
sideration and the scale readings compared with those cal- 
culated by using the modulus of elasticity previously deter- 
mined. 

The American Society for Testing Materials now stipulates 
that machines up to 50 tons capacity shall be tested at the 
makers’ works by applying dead loads throughout the entire 
range and the same stipulation applies to calibrating bars. 
As an alternative to a bar a steel ring may be used. Eings may 
be obtained fitted with a dial gauge when they are known as 
Morehouse rings. They are stated to be accurate to two-tenths 
of one per cent between one-fifth and full load capacity. Eings 
up to 300 tons capacity are obtainable. It is necessary to 
employ separate rings when calibrating a machine on both 
rising and falling loads on account of elastic hysteresis in the 
steel. 

A modification of the foregoing method is found in the 
Standardizing boxes made by Messrs. Amsler, Fig. 36. Boxes 
are made either for tension or compression loading and also 
in a combined form which permits the box to be used in tension 
or compression as desired. 

The box is a hollow steel cylinder A and is filled with mer- 
cury. At one end and on one side of the box the hollow space 
communicates with a capillary tube (7, which terminates in a 
small bulb. On the other side is a stem provided with micro- 
meter screw plunger E. By displacing with the plunger some of 
the mercury in the box the end of the mercury column in the 
capillary tube may be brought to the edge of a datum mark D. 
When the box is compressed it shortens and its internal capacity. 
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diminishes. This shortening ejects into the capillary tube a 
volume of mercury equal to the diminution in volume of the 
interior of the cylinder. The amount of mercury expelled is a 
measure of the shortening of the cylinder and consequently of 
the load exerted upon it. The amount so expelled is measured by 
the micrometer screw. 

On commencing the test the micrometer handle is turned 
until the end of the mercury column in the tube is at the edge 



of the datum mark and the scale reading noted. When a load 
is applied to the box, mercury is forced into the capillary tube. 
The micrometer is again turned to bring the mercury to the 
zero mark and the new scale reading observed. The difference 
between the two readings corresponds to the compressive load 
on the box. 

The mercury meniscus is always restored to the same point 
before each reading of the micrometer. The results are thus 
independent of variations in the diameter of the glass tube. 

The box is insulated at B to prevent rapid changes of tem- 
perature from causing an alteration of the mercury column. To 
prevent the standardizing box from being stressed eccentrically 
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it is necessary to support the box so that it can adjust itself 
freely to the axis of the machine. It is also necessary to 
take precautions to ensure that the box does not upset in case 
one of the compression plates is not guided but can yield 
laterally. If neither compression plate can yield laterally it is 
advisable to apply the load through balls F placed between the 
seatings. The rubber ring G prevents the box from falling over 
after it is completely unloaded. 

If one of the compression plates can yield laterally, as in the 
Amsler machine, it is necessary to dispense with one of the 
steel balls and the accompanying seating and to place the 
standardizing box on the fixed compression plate of the machine 
while retaining the other ball and its seating. 

The loads recorded by the weighing apparatus of the machine 
being calibrated are compared with a scale of loads engraved on 
the box. 

Compression boxes are made for machines up to 500 tons and 
tensile boxes for machines up to 300 tons capacity. 

The boxes can be used equally well with vertical or hori- 
zontal machines and each box is guaranteed to an accuracy of 
within \ per cent for all loads above one-tenth the capacity of 
the box. 

Calibration of a 600 000 lb. Eiehle Machine. Another 
method of calibrating a machine throughout its entire range con- 
sists in the use of dead weights together with a calibrating bar. 
A 600 000 lb. Riehle machine was calibrated by this method at 
the University of Illinois by using two 20 000 lb. weights and a 
steel bar, 19 ft. long and 4 in. diameter, carrying a strainmeter 
of 100 in. gauge length. 

One complete division of the micrometer dial of the strain- 
meter represented 0-00005 in. stretch. 

The procedure was as follows. After balancing the machine 
at zero load the weights were lowered on to the table by means 
of jacks. The machine was again balanced and the error at 
20 000 lb. noted. 

With the poise weight at the position found, the weights' 
were lifted off the table until the beam was once more in balance. 
The reading of the strain gauge was noted and the weights again 
lowered on the table. This dead load reheved the pull in the 
bar to a small extent and caused the strainmeter reading to fall 
slightly. Further load was applied through the straining gear 
to bring the meter back to its former reading. The load on the 
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machine now consisted of 20 000 lb. dead load and 20 000 lb. 
pull in the bar, making a total of 40 000 lb. 

After balancing the beam and determining the error at this 
load the procedure was continued in increments of 20 000 lb. 
until full load was reached. 

With this method it is not necessary to evaluate the modulus 
of elasticity of the bar. All that is required is that a loading 
should be reproduced accurately. Any error in a reading is 
carried forward throughout the series, but some counter- 
balancing of such errors should occur as the calibration pro- 
ceeds. 

The maximum error in the machine tested, 0*15 per cent, 
occurred at 50 000 lb. load. At 300 000 lb. the error was 


negligible and at full load was less than 0*1 per cent. 

Jakeman’s Method of Calibration. The method of calibrating 
a single-lever testing machine described on page 56 has been 



elaborated by Jakeman. 
Two pieces of angle iron 
each with a V-groove milled 
along its whole length and 
having a hole drilled at its 
centre 0, Fig. 37 (a) and (6), 


are bolted to the ends of 



Fig. 37 . Jakeman’s Method of 
Cadibratioh 


the steelyard. The angle 
irons are of such a length 
that the lines AA and BB 
are clear of projections 
on the machine. The V 
grooves provide seatings 
for supporting the scale 
pans Pi and Pg, Fig. 38. 
The stem of each scale pan 
is attached to a short length 
of steel rod which rests in 


(а) Attachment of angle irons to weigh-beam. 

(б) Method of suspending s^e pans. tile grOOVe in tiie angle 

iron, Fig. 37 (6). 

The lengths AA and BB are measured by means of an 
accurate steel tape, the mean of the two measurements giving 
the distance L between the suspensions Pi and P3. 

For the calibration two or three 100 lb. weights, a number of 
2 lb. weights, and a set of weights from 1 lb. to 0*001 lb. are 
needed. 
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An additional scale pan Pg is suspended from the loading 
shackle of the machine. 

To determiTie the weigh! of the poise (w). 

As many of the 100 lb. weights as convenient are placed on 
the pan P^ and the lever balanced by moving the poise. The 
100 lb. weights are now moved from Pj to Pg and the distance S 


p , Ki J<z /I 

P 2 

i-d. 

Pr 

h L 

Ps 


Fig. 38. Jakeman’s Method of Calibration 

through which the poise has to be moved to secure balance is 
measured. 

If W be the total weight moved from P^ to then 
w = ifN X Jj)IS 

To determine the knife-edge distance {d). 

The small weights are all placed on Pg and the beam balanced. 
The poise is then wedged in position so that it cannot move. 
The large weights are placed on Pg and the beam balanced by 
moving weights from Pg to Pi. If m is the sum of the weights 
removed from Po to Pi and W' the total weight placed on Po, 
d = (L X m)/W' 

The length I on the scale representing 1 ton can be checked 
without measuring the distance L, for 

dx 2240 Lm^^ 2 2405^ 

^ “ w ~ ^WlT 

The method may be used to check the knife-edge distance 
under load using a large weight on Pg. In order to obtain 
sufficient sensitivity, the motion of the lever must be appre- 
ciable when moving the small weights from Pg to Pi. Jakeman 
suggests that a load of the order of 50 tons should be appUed 
through a railway couphng. The ram must be blocked in 
position if the machine is hydraulically loaded. 

As the sensitivity of the machine is less under these con- 
ditions several observations should be taken. 




CHAPTER IV 

TENSION AND BENDINO TESTS 

The Load-extension Diagram for Mild Steel. If a bar of 

wrought iron or mild steel be tested in tension a graph showing 
the relation between the load and extension, or between stress 



STRAIN 

Fig. 39. Stress-strain Curve for Mild Steel 
IN Tension 

and strain, will be, generally, of the form shown by the full 
line curve in Pig. 39. 

The extension will be found to be proportional to the load 
over a considerable range OA, after which, as the load is 
gradually increased, the graph will deviate from a straight hne 
and for very little greater load the extension will proceed 
rapidly without any further rise of load occurring. This is in- 
dicated by the portion BG of the curve. Actually, a sudden 
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drop of the load occurs at this stage owing to the rapidity wdth 
which the specimen extends. The reduction of load is made 
visible by a drop of the weighbeam of the testing machine, or, 
if an autographic record be taken, the graph will usually show 
a drop at this point to an extent dependiug on the sensitiveness 
of the recording gear. A record taken on a commercial machine 
may show a reduction of 5 per cent of the load, but with special 
apparatus under laboratory conditions a drop of 27 per cent 
has been recorded. 

The pomt B at which this sudden jield occurs is termed the 
yield point of the material. 

In wrought iron and mild steel the limit of proportionality 
and the elastic Limit practically coincide, but this is not generally 
so with other materials or with a material that has been over- 
strained. 

With further application of the straining action the test piece 
will withstand still higher loads, but stress and strain are no 
longer found to be proportional. The graph follows some such 
line as CD until the maximum load is reached. During this 
plastic stage the cross-section of the material diminishes in 
about the same proportion as the length increases, and on pass- 
ing the maximum load a sudden local stretching takes place 
over a short length of the test piece and a waist or neck is 
formed. 

This greatly reduced area is insufficient to sustain the load 
and it wiU be found that, to preserve balance of the steel yard, 
the poise must be run back towards zero. 

From D the curve falls until fracture of the test piece occurs, 
indicated by the point E, 

The actual stress at fracture is, however, much higher than 
that corresponding to the maximum load since it is given by 

Load 

Actual area of cross-section 

and the proportionate reduction in section is considerably 
greater than the reduction in load. The graph, therefore, 
exhibits only a nominal indication of the stress at any point 
during the plastic stage. 

It is difficult to obtain the complete load-extension curve by 
direct observation but, supposing the curve obtained and 
plotted as a stress-strain diagram, the corrected curve, shown 
dotted in the figure, may be plotted as follows. 
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at the centres of the respective inch divisions , a curve drawn 
through the plotted points will be fairly symmetrical about the 
position of fracture (Fig. 41). It will be noted that the exten- 
sion is nearly constant except in the immediate vicinity of the 
fracture. 

The percentage extension, a criterion of ductility, depends 
upon the gauge length adopted. Fig. 42 is obtained by plotting 




Fig. 41. Variation op Unit-extension Along Gauge Length 


the percentage extensions observed in a test on a mild steel 
bar on gauge lengths of 1, 3, 5, 7, and 9 in., all of which include 
the fractured section. The extension on a gauge length of 2 in. 
is 51 per cent, while on a gauge length of 8 in. it is only 26 per 
cent. This shows clearly the necessity for stating the gauge 
length when specifying the percentage elongation. Both the 
percentage elongation and the percentage reduction in area of 
cross-section are regarded as criteria of ductility. 

The total elongation of the fractured test piece is made up 
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of the local extension in the region of fracture together with the 
more uniform extension over the remainder of the gauge 
length. 

The local extension occurs mainly after the maximum load 
is reached and at the point where the neck or waist forms. 

The length over which the 
local extension exists depends 
to some extent upon the area 
of the cross-section and is 
approximately proportional 
to the square root of that 
area. Unwin has shown that 
the relation between the 
percentage elongation e and 
the dimensions of the test 
piece may be represented 
with fair accuracy by an 
equation of the form 

e = {C'\/a)ll + h 

where {c\/a)ll represents the local extension and b the general 
extension; a being the area of cross-section and I the gauge 
length. 

Average values for the constants c and b are — 



Gauge length - Inches 

Fio. 42 Percentage Elongation 
Varies with the Gauge Length 


Material 

Values of the Constants 

c 

b 

M.S. plates, not very thick 

70 

18 

Gun metal (cast) 

8'S 

10*6 

Rolled brass .... 

101*6 

9*7 

Rolled copper .... 

84 

0*8 

Annealed copper 

125 

35 


]P3X>pQrtiozis of Test Pieces. The percentage elongation 
depends also on the form of the test piece and it was suggested 
by Barba in 1880 that for strictly comparable results, test 
pieces should be similar. 

In the case of cylindrical test pieces this leads to the relation 
i/d — a constant. In Gtermany this ratio is usually taken as 
10, which mak^ I = where a is the cross-sectional 

area in cm.^ and I is the length in cm. 
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The values adopted by the British Standards Institution are — 


d (in.) 

1 

a (in.2) 

1 (in.) 

0-564 

0-25 

2 

0-798 

0-5 

3 

0-977 

0-75 

3-5 


The above values correspond approximately to I = ly'a. 

In America the relation I = 4-5'Y/a is adopted. 

In the testing of plates, where test pieces are rectangular in 
section, adherence to the similarity law is attended with 
difficulties and hence considerable departure from the theoretic 
law is made. 

For instance, the B.S.I. test pieces for plates are of the form 
shown in Fig. 43, and to lessen the cost of production three 

vs** for plates over 0‘S7S'' thick 

2-0" n n fromO‘S75HoqS7S''thJck 

2-6" *f UnderO'37S*' thick. 







i 




- 

-^8*' Gauge iength — ^ 

B" paraiiei 

— id " approx. 

- 



Fig. 43* Form of British Standard Test Pieces for Plates 

widths only are specified. The width of 2 in. was selected for 
the sake of uniformity and as the percentage elongation was 
found to be less for thick than for thin plates the other widths 
were chosen in order to sUghtly favour the thicker plate. 

To secure the same percentage elongation with the same 
material, for round specimens the gauge length is made eight 
times the diameter and the parallel portion nine times the 
diameter. 

The specification for cylindrical test pieces for forgings, 

* Abstracted by permission from British Standard Specification 18 — Forms 
of Tensile Test Pieces, copies of which can be obtained gratis from the 
British Standards Institution, 28 Victoria Street, London, S.W.l. 
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axles, etc., permits various lengths and diameters to be em- 
ployed. Particulars of these are given in Table III, which has 
reference to Pig. 44. 



Fig. 45. Alternative Form of Test Piece 


modate the instrument. To receive the Ewing extensometer, for 
imtance, the length between the screwed portions of the test 
piece must not be less than 4| in. for a gauge length of 2 in. 
Another form of test piece is shown in Pig. 45. The extra 


* Absteacted by permission from British Standard Specification 18 — Forms 
of TmsUe Test Pieces, copies of which can be obtained gratis from the 
British Standards Institution, 28 Victoria Street, London, S.W.l. 



TABLE III 

Diminsions op Cylindeioal Test Pieces 



* Reproduced by permission from British Standards Specification No. IS-Porms of Tensik Test Pieces, copies of which may 
be obtained gratis from the British Standards Institution, 28 Victoria Street, London, S.W.L 
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length of plain portion permits a Brinell test to be made on 
specimen- 

The position of the fracture on the test bar will influence to 
some extent the percentage elongation. If fracture occurs 
within the middle third of the gauge length the resulting value 
of the percentage elongation may be accepted, but if outside 
this limit a correction should be made if it is desired to obtain 
strict comparisons. 

Timoshenko gives the following method of making the 
correction. 

If the gauge length has been divided into n parts of equal 
length before testing and if If = the total extension required 
and X = the extension on the division containing the fracture ; 
then, if fracture occurs outside the middle third and the num- 
ber of divisions n is even, the measurements being made on the 
longer part of the test piece, the extension 

X + extension on {nl2—> 1) divisions + exten- 
sion on nl2 divisions. 

If is odd 

It = ^ + extension on 1) divisions + exten- 

sion on \{n— 1) divisions 

where the measurement is again made on the longer part of the 
t^t piece. 

According to a Gterman rule a test piece of 200 mm. gauge 
length is divided into 20 equal parts. If fracture occurs out- 
side the middle third the division marks are numbered on 
either side of and away from the fracture, 0 to n on the shorter 
portion, and 1 to 10 on the longer portion. Then the required 
extension 

li = length of fractured division + length between 0 
and n + length between 1 and 10 + length 
between n and 10 on the long portion. 

For a gauge length of 100 mm. the gauge length is divided 
into ten equal parts ; five being then substituted for ten in the 
foregoing rule. 

Certain types of extensometer are pinched on to the specimen 
by means of pointed set screws. The small centre pops formed 
in the test piece at the gauge points tend to cause fracture to 
occur there rather than in the middle of the gauge length. 
Should fracture occur at a gauge point the test should be 
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disregarded. A test is generally considered to be satisfactory 
if fracture occurs within the gauge length and not nearer to 
a gauge point than a distance equal to ^^(area of cross- 
section). 

To prevent fracture at a gauge point, brittle materials are 
tapered two- or three-thousandths of an inch from the gauge 
point towards the centre, the middle portion of the gauge length 
being left parallel. 

Forms of test pieces for brittle materials are shown in Fig. 46. 



Fig. 46.* Foems of Test Pieces Fig. 47, Method of 

FOR Brittle Materials Testing Based on 

Proof Stress 


Proof Stress. Determination of the Modulus of Elasticity. 

The terms limit of proportionahty, elastic limit and yield point 
are often used indiscriminately. To avoid confusion, brought 
about by careless expression, the term jproof stress is frequently 
employed in specifications, especially when the material in 
question shows no well-defined yield point. 

A given intensity of stress is specified to be applied to the 
test piece for a definite time, and on removal of the stress, the 
permanent set of the material must not exceed a predetermined 
amount : 1 per cent, or in some cases 0*5 per cent, of the elonga- 
tion under the given load. 

For example, if OB, Fig. 47, represents the predetermined 
elongation and BA is drawn parallel to the elastic part of the 
stress-strain curve to intersect the graph in the point A corre- 
sponding to the given stress OA\ then, if the proof stress OC' 

* Abstracted by permission from British Standard S|^eifieation 18 — Forms 
of Tensile Test Pieces, copies of which can be obtained gratis from the 
British Standards Institution, 28 Victoria Street, London, S.W.l. 

6-(T.48} 
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gives a point C below A on the curve, the permanent set will 
fall within the required limit. 

The value of the modulus of elasticity is sometimes obtained 
in a similar way by applying a load which will just produce a 
permanent set, and noting the extension produced. The load 
is then nearly aU removed and the extensometer reading again 
observed. The value of the applied stress divided by the dif- 
ference between the extensometer readings, expressed as a 
strain, is taken as the modulus of elasticity. The merit of 
the test lies in the rapidity with which it can be carried out. 



Fig. 48. Use of Graph in Detebmuting Young’s Modulus 


The modulus of elasticity, however, is preferably obtained 
from a graph plotted from the recorded loads and extensions as 
in Fig. 48, which is from a test on a specimen 0*56 in. diameter 
and 2 in. between gauge points from a steel casting. The limit 
of proportionality, 10 3001b-, corresponds to a stress of 19*56 
tons per in.^ 


The modulus 


of elasticity E = 


load X length 
area X extension* 


The value of one scale division on the extensometer used was 
1/5 000 in. From the graph, taking two points a and b on the 
straight portion, we find that the extension ac scales 12*1 
mstiument divisions and the load cb scales 8 500 lb. 
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The extension is 

12*1 X == 0-00242 in. 

5 000 

Hence 

8 500 X 2 

^ “ (77-/4) X (0-56)2 X 0*00242 
= 28 500 000 lb. per in.^ 

In this example the values of the load and extension might 
have been read off from one point on the graph as this passes 
through the origin. Such is not always the case, as correspond- 
ing to zero reading of the instrument a slight load on the 
specimen may have to be imposed in order to ensure that the 
grips are biting if specimens are being tested in wedge grips. 
As a fair curve drawn the plotted points may not, in general, 
pass through the origin, the slope of the graph should always be 
determined by taking two selected points on the line. 

Form of Report for Tensile Tests, A form of report for tensile 
tests is given below. 


Hepoet or Tenselb Test eoe . 


Date of Test 

Particulars of Specimen Flat Machined Steel. 

No. of Specimen 

Mark of Owner 


Original dimensions — 

Length between gauge points ..... 8 in. 

Breath ........ 1*546 in. 

Thickness ........ 0*238 in. 

Diameter ........ — 

Original area of cross-section . 1*546 x 0*238 — 0*368 in.^ 

Limit of proportionality — 


Total load ........ — tons 

Stress ......... — tons per in.^ 

Yield- 

Total load ........ 9*3 tons 

Stress ......... 25*27 tons per in.^ 


Maximum load . 
Ultimate stress . 

Load at rupture — 
Total . 

Stress . 


14*46 tons 
39*74 tons per in.^ 


— tons 

— tons per in.^ 
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TABLE IV 

Stakbabd Test Baes eoe Transveese Tests 


Test Bar 

Diameter 

(in.) 

Overall 

Length 

(in.) 

Main Cross-sectional 
Thickness of Casting 
Represented 
(in.) 

S 

0*875 

15 

Not exceeding | 

M 

1*2 

21 

Over J and not exceeding 
2 

L 

i 2-2 

21 

Over 2 


Bars which exceed the standard diameters by more than 
0*1 in. must be turned down to the standard dimensions. Cer- 
tain minimum test requirements have to be met if bars vary 




H 

Parallel 



t* 

<3 







^ 







Fig. 49.* Tensile Test Piece fob Cast Iron 


more than 0*1 in. from the standard dimensions. (See B.S.S. 
No. 321.) The form of test piece for tensile tests is shown in 
Fig. 49, to which Table V refers. The corresponding loadings 
are given in Table VI. 

TABLE V 

Standard Test Pieces fob Tensile Tests 


Test 

Bar 


Dimension 

(in.) 


Main Cross-sectional 
Thickness of Casting 
Represented 
(in.) 

A 

B 

G 

D 

S 

0*875 

0*564 

2 

1 

Not exceeding J 

M 

1*2 

0*798 

2 

1 

Over J and not exceeding 
2 

L 

2*2 

1*785 

2 

1 

Over 2 


Test bars are to be east as parallel bars of the diameter given in A and 
machined to the dimensions B and <7. 


* Abstracted by permission from British Standard Specification 18 — Forms 
of Tensile Test Pieces, copies of which can be obtained gratis from the 
British Standards Institution, 28 Victoria Street, London, S.W.l. 
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TABLE VI 

Values of the Modulus of Ruptuee for Bars Under 
Standard Conditions 


r<s®fc 

Bar 

Uis- 

between 
Sup- ; 
ports 
(in.) 

Teansvbesb 

TENSILE 

Minimum 
Load 
in lb. 

Minimum 

Deflection 

(in.) 

Modulus of 
Rupture 

Tons per in.® 

Minimum 

Tons per in.® 

Grade 

Grade 

Grade 

Grade 

I 

II 

I i 

II 

I 

n 

I 

II 

S 

12 

1 185 

960 

0*12 

0-1 

24-1 

19'6 

! 12 

10 

M 

18 

1950 

1600 

0-15 

1 

0-12 

23-1 

18-9 

11 

9 

L 

18 

10 000 

8 950 

0*12 

0*1 

19-2 

! 17-2 

10 

9 


Modulus of Rupture. The transverse strength of east iron 
is often gauged by the modvlus of rwpiwre. This quantity is the 
ratio of the maximum bending moment at failure to the 
modulus of the section (page 9). The modulus of rupture is 
thus the greatest stress that would have obtained had the 
material obeyed Hooke’s law up to the point of fracture. If 
this condition existed the value of the maximum stress would 
be independent of the shape and size of the section. However, 
since the linear relationship between stress and strain ceases 
long before the point of fracture is reached, the modulus of 
rupture must be regarded “ as a convenient way of expressing the 
results of transverse tests without giving full details of the bar 
dimensions.” 

If L is the distance between the supports in inches ; 

W the load applied at the centre of the span in tons ; 

Z the modulus of the section ; 

/ the maximum stress induced, tons per in.^ 
then / == WL/4Z 

and if W is the load when fracture occurs the corresponding 
value of / is the modulus of rupture. 

-p, X 1 j? breadth x depth^ 

For a rectangular bar / = 

For a round bar / = 0*0982 (diameter)^ 

Values of the modulus of rupture for bars under standard 
c<Hiditions are given in Table VI. With the older standard it 
was usual to specify that on a 36 in. span the bar should sustain 
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a load of 30 cwt. at the centre with a deflection of not less than 
0-625 in. The modulus of rupture is affected by the method and 
conditions of casting and by the shape of the section. Rough 
bars are stronger than planed bars. With bars of similar 
proportions the modulus is lower as the section is larger. A 
wide bar gives a higher and a deep bar a lower modulus of 
rupture. 

When a test bar is not of the standard 
dimensions the load that would produce 
the same stress in a bar of the same 
material of standard dimensions is termed 
the equivalerit load. The equivalent load 
is calculated by the usual theory. 

For a bar of rectangular section, if W 
be the actual load on a bar of breadth b 
and depth d, the load W' that would 
produce the same stress in a standard 
bar of breadth V and depth d' is given by 

W '= Wb'd'^bd^ 

The load that would produce the same deflection as in 
the given beam is from the relation 

d = WZV48EI = WP/4Ebd^ 
obtained as Wi == W{b'd'ybd^). 



Fig. 50 . Compression 
Test Piece fob Cast 
Iron 


b’d'^ b<P 


wi 

d 


and hence is not equal to the load required to produce the same 
stress. 

The deflection produced by the equivalent’’ load in the 
standard bar is 

Wbd^ b'd'^ b(D d 
^ ~ b'd'm ^ “ bd^ ’ b'd'^ d'^ 

This relation holds equally for bars of round section. 

Crushing Tests. Crushing tests on cast iron are made on 
cylinders or prisms in which the ratio of the height to the least 
lateral dimension is from 1 to 3. The crushing strength varies 
from 30 to 50 tons per in,^ A suitable form of test piece is 
shown in Fig. 50. 

Tests in direct shear show that the shearing strength of cast 
iron is somewhat greater than its tensile strength ; generally 
from 10 to 20 per cent. When tested in torsion a round cast 
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iron bar fractures along a lielix of 45° where the tensile stress is 

greatest. 

Bend Tests. Bend tests on wrought iron and mild steel are 
carried out in order to determine the ductility. Bars are bent 
double or through a specified angle about a given radius. 
Reference should be made to various British Standard Specifi- 
cations. The method of making the bend test is shown in Figs. 
64 and 65, pages 85 and 86. The test as usually carried out is 
qualitative rather than quantitative but it has been suggested 
that its usefulness might be extended and that it might, to 
some extent, replace the tensile test. 



CHAPTER V 

TESTING MACHINl ACCESSORIES 

STece^ty for Loading Test Piec^ Axially. Accurate results 
in tensile testing cannot be obtained unless test pieces are 
properly gripped. It is essential that the line of resultant pull 
should coincide with the axis of the specimen. The effect of 
eccentric loading can be gauged from a simple example. Sup- 
pose a pull of 10 tons to be applied to a test piece whose 
section is, say, 1 in. x | in., and that the line 
of pull is displaced 0-01 in. from the axis towards 
the short side of the section. In addition to the 
direct pull there will be a bending moment of 
10 X 0-01 = OT ton-in. The stress due to 
bending is then 

, M 0-1 X 6 

The stress distribution across the section, 
instead of being represented by a line ab, Fig. 51, 
whose ordinate corresponds to 10 tons per in.^ 
win be represented by cd, the maximum stress 
being 1 1-2 tons per in.^ and the minimum stress 
8-8 tons per in.^ As the load is increased the gj 
material commences to yield first on the side Variation Over 
where the stress is greater, and finally tears from Section of Test 
edge to edge. With ductile materials the elastic ecobntrY^Load 
limit and yield point, calculated as total load 
divided by area of cross-section, are both lowered if the load- 
ing is eccentric, but the ultimate strength appears to be little 
affected. The ultimate strength of brittle materials is, how- 
ever, greatly affected by eccentric loading. 

Grips and Shackles. The simplest method of gripping flat 
test pieces is by means of a pin passed through a hole billed in 
each end of the test piece. The pins are supported in shackles 
in the testing machine. 

A common method is to use wedge grips. The grips are simply 
wedges with serrated faces and are held in a conical hole in 
the crosshead of the machine. Wedges for flat specimens some- 
times have rounded faces as in the Riehle Patent Grip. Forms 

79 
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of wGclgcs for roundlSj flsits, ftod SQ^uSiros Ere sKown in. Fig. 52 
(o) [b), (c). The wedges should sit fair in the holes in the cross- 
he^s and should not project too far. If the wedges puU far 



(a) (6) (0 

Fig. 52. Wedge Gmps for Flat, Round, or Square Specimens 
Olsen Testing Machine Co.) 


below the cross-head they are hable to break and the cross-head 
holes tend to enlarge. 

The test piece should be gripped along the whole length of 
the wedge. Figs. 53 (a) and (6), show how the wedges shoTJd not 
be arranged. The correct method of gripping is shown in Fig. 
54. In Fig. 55 is shown a form of ball and socket liner which 
aids in securing alignment of the test piece. 

Round specimens are often provided with a head or with 
screwed ends. Several methods of holding the specimens are 



Fig. 53. Incorrect Methods of Gripping Test Pieces 

in use which aim at securing axial loading. Fig. 56 shows 
three forms made by Messrs. Olsen. In (a) the spherical seat 
is in the wedge piece. Toohsteel bushes are provided to receive 
the specimen and either headed or screwed specimens may be 
accommodated. In (c) the holders are provided with a spherical 
adjustment and are for use with a 0*505 in. diameter headed 
specimen of aluminium or brass in machines of 10 000 to 20 000 
lb. capacity. 
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Fig. 57. Robertson’s 
Axlai Loading Shackib 


A special form of shackle has been 
devised by Robertson to secure true 
axial loading, Fig. 57. The specimen 
is held by screwed split collars a, in a 
socket b. The pull is taken on the 
ball c resting on the hard steel seat c. 
The frame e is provided with an ex- 
tension piece /, for connection to the 
grips of the testing machine. The hole 
for the ball socket g and the threaded 
hole for the split coUar should be 
machined at the same setting in order 
to secure alignment. 

Fig. 58 shows a grip for specimens 
of thin sheet metal. Another form is 


shown in Fig. 59. The shackle con- 
sists of two steel plates supjwrted on a pin in the head b which 
is screwed into the holder in the pulling head of the machine 



Fig. 58. Webgb Gbips por 
Sheet Metal Test Pieces 
(Hsen Testing Machine Go,) 
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The plates are drilled to receive two loose discs d. The disc and 
the sheet metal specimen are drilled to receive steel pins c which 
transmit the pnll. 

Testing of Ropes and Chains. Ropes are somewhat trouble- 
some to test owing to possible damage to the rope at the grip. 
One method consists in casting a conical head at each end of 

the test piece. The 
ends of the rope are 
unwound for several 
inches depending on 
the size of the piece, 
being first bound up 
to prevent further 
separation of the 
wires along the 
rope. The wires are 
then splayed out, 


Fig. 61 . Section 
Through Cap 

cleaned, and tinned. Next, the ends of the wires are bent over 
and, using a conical mould, are encased in an alloy of low 
melting point. (Figs. 60 and 61.) An alloy of 83 per cent lead 
and 17 per cent antimony is sometimes used. Whatever metal 
is employed, it is important not to overheat the wires. Spht 
conical grips are used to hold the rope in the testing machine. 
The foregoing method is tedious, and to obtain a successful test 
care must be exercised in making the cap. A suitable alloy is 
now specified by the B.S.I. 

Long, lightly serrated wedges are sometimes used. They 




Fig, 60 . Method of Capping Wire 
Ropes 
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a spring. This is clearly seen in Fig. 75. The tube is pierced 
diametrically and carries a fine wire W which is viewed by the 
aid of the microscope T. The readings are observed on the 
micrometer scale in the eyepiece of the microscope. The micro- 
meter screw has 50 threads to the inch and one complete turn 
corresponds to 50 divisions on the eyepiece scale. When the 
test piece elongates the displacement of the wire is twice that 
of the gauge length on account of the leverage about the ful- 
crum E, As a result one division on the scale is equivalent to 
0*0002 in. extension on the gauge length. Eeadings to 0*00002 
in. are possible. The standard instruments are for gauge lengths 
of 8 in. and 2 in. 

A modified form is made for measurement of the elastic 
compression of short blocks on a 2 in. gauge length. Readings 
can be taken by estimation to 0*002 mm. or 0*000008 in. A 
clamping bar is provided for registering the clamps on the test 
piece. 

Mirror Extensometers* Mirror extensometers operate on 
the following principle. 

Consider a scale, telescope and mirror set up as indicated m 
Fig. 7 6, with the mirror in the position aa. Let oo' be the line 



of sight and ol the normal to the mirror. The scale division 
seen in coincidence with the cross wire of the telescope is m, 
say, the angle of incidence mol being equal to the angle of reflec- 
tion loo' . If the mirror be tilted to the position bb, the normal 
will be oV and the scale division in coincidence with the cross 
wire of the telescope is m' where m'oV = /_ I'oo' . If a is 
the angle through which the mirror is tilted this will also be the 
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angle between the normals, i.e. the angle M. It is easily seen 
that the angle mm' between the two positions of the mcident 
ray is equal to (twice Lloo' — twice Z Voo') = 2«. 

Now mm' == o'm — o'mf 

= i)(tan Z m'oo') 

= i)(l + tan /. moo' X tan Z rn'oo') tan ( Z 'nioo' — Z rn'oo') 
= i)(l + tan Z X tan Z rnfoo') tan Z mom'. 
whoro D is the distance between the scale and the mirror. 

If the angle moo' is small the angle 2a will also be small, and 
we can neglect the product of the tangents and in place of tan 
2a we may write tan 2a = 2 tan a = 2 sin a = 2a. 

If the angle moo' is of the order of 5^ tan /_moo' is about 0-1 
and the product of the tangents is about 0*01, so the error 
introduced by this approximation is about 1 per cent. 

If mm' corresponds to 1 scale division we have a = l/2i) 
as the value of the angle of tilt in radians corresponding to one 
scale division. The distance JD between the scale and the 
mirror must be measured in the same units as the divisions of 
the scale. 

When, as is sometimes the case, a circular scale of radius D 
is used the foregoing approximation becomes exact. 

Another approximation which is sometimes useful when the 
working angle increases beyond that in which the tangent can 
be taken as the angle itself is the following — 

From the figure, we have 

I Z m'om = ^{nm'lom') = |mm'(cos 6/i)sec 6) 

= cos^ 6 1 2D 

as the value of one scale division in radians. 

Bauschinger’s Extensometer. Bauschinger introduced a 
type of instrument in which two clips were pressed against the 
specimen by springs prising outwards against caoutchouc 
roUers. The rollers were carried by a clip and themselves carried 
the mirrors. Extension of the specimen caused rotation of the 
mirrors and the rotations were measured by means of scales and 
telescopes. Results were measurable to 0*0001 mm. A modern 
foirm employing steel rollers will be described later. 
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Morrow’s Extensometer. Morrow’s instrument is shown in 
Fig. 77. Two rings R, R, are clamped to the specimen by set 


M N 



Fig. 77 . Morrow’s Extensometer 


screws A round which they pivot. The rod E allows the rings, 
in addition, to pivot about its ends. 

An arm E rigidly attached to the lower ring carries a fixed 
mirror M. at its upper end and supports a rhomb lever which 
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carries the mirror N. The apparatus is held in position by cHps 

c. 

A scale S placed parallel with the axis of the test piece is 
illuminated by a lamp, not shown, and the reflected beam 
allowed to pass through an aperture in the screen W to the 
extensonieter mirrors and thence by reflection to the tele- 
scope T. i • , T 

The extension of the specimen causes the rings to pivot round 

the ends of the rod E, thus inducing relative motion between 
the upper ring and the arm F. This tilts the rhomb and 
its mirror and the angle of tilt is observed through the 
teles cope 

The appearance of the scale in the telescope is then as shown 
in the middle right-hand view in the figure, the image of the 
scale shown by the tilting mirror appearing displaced from that 
shown by the fixed mirror. 

With a scale divided into fortieths of an inch and with a scale 
set 80 in. from the mirror, the magnification is 3 000 ; 1 so that 
the smaDest reading is 

J_ 1 1 1 

40 ^ 10 ^ 3 000 “ 1 200 000 

of an inch. 

Lamb’s Roller Extensometer, The roller extensometer, 
Fig. 78, consists essentially of two elements held together against 
opposite sides of the test piece by means of light springs. 
Each element is complete in itself and consists of a pair of 
hardened steel plates separated by two small rollers which are 
held in position by the springs. Each plate has a sharp knife- 
edge which bears on the face of the test piece. As the test piece 
elongates the plates move relatively to each other and give the 
roller a small rotary movement proportional to the extension 
of the specimen. 

Each roller carries a mirror at one end and at the other a 
small knurled head for making the final adjustment. No jig 
for marking the specimen is needed. A pair of dowel pins or a 
gauge is used to set each element to length before it is clamped 
to the specimen, the dowels being withdrawn before straining 
the test piece. The theory of the instrument, as given by 
Professor Lamb, is as follows — 

Referring to Fig. 79, and eZg rollers — one on each 

side of the test piece — each carrying a noirror. Let D be the 
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between the scale and mirror and a. the distance 
between the two mirrors. Let 6 and ^ be the mcidenee and 



Fig. T8. Lamb’s Boi,i,bb Es'IJ&5^so meter 

{A. MacUoic Smitli) 


reflection angles at the mirrors A and B and let s be the read- 
ing on the scale. 

Then, for small opposite rotations d& and 8^ of the mirrors 
the increment of scale reachng is 

ds 2D {86 dify) -f (2a69/oos cos if 

^ 2D{8e + 8j>) -h 2aa9 . 


( 1 ) 
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\gain if e-, and e, are deformations given to each extenso- 
meter element, and the corresponding roUer diameters, we 
have the relations 

^ = di^Q ) 12) 

e, = dM) • • * • 

and the axial deformation is 

e === ^{ei + — \{di66 + • * • (^) 

Now any effect of non-axial loading of the specimen will be 



to make a small proportional difference in the values of and 
Cg and we can therefore write 

^2 = (1 -f- h)€^ = (1 -f* h)d^6d . . . (4) 

and if there is a small difference in the roller diameters 
we can (writing d in place of d^) put 

d^~ (1 -f- X)d .... (5) 

Hence, from equations (2), (4) and (5) 

(1 + = (1 + ... ( 6 ) 

From (1) and (6), 

)s = . . (7) 

and from (3), (5) and (6) 

e = |d(2 + h)^ . 


( 8 ) 
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Combining (7) and (8) 


e — 



2D 


2 Ic -|“ X 
1 +A 


+ 2a 


( 9 ) 


which, omitting squares and products 
reduces to 


d(l + ^/2)<5s 
^ “ i(D + a/2) • 


of small 


quantities 


( 10 ) 


In this result it is to be noted that d{\ + ^/2) is the mean of 
the diameters of the two rollers. 

The measurements upon which the accuracy of the per- 
formance of the instrument depends are — 

(1) diameter of the rollers, 

(2) gauge length of the instrument, 

(3) the scale distance, 

(4) distance between mirrors, 

(5) the reading of the scale. 


Of these (1) and (2) constitute the permanent calibration of 
the instrument, the degree of accuracy to which the former is 
known being of the order of 0*005 per cent to 0*02 per cent 
according to the size of roller employed, while the latter is 
within 1 per cent of the nominal length. The magnitude of the 
errors arising from (3), (4) and (5) depends upon the operator’s 
choice of a suitable distance for the scale in relation to the 
amount of extension measured. With reasonable care (3) and 
(4) can be measured easily to an accuracy of 0*2 per cent for 
any distance of the scale from the instrument and as it is usual 
to arrange on the average for scale deflections of the order of 
30 cm., there is no difficulty in securing an accuracy in the case 
of (5) of 0*15 per cent. It will be seen, therefore, that the worst 
possible combination of errors enumerated cannot lead to an 
error in the result exceeding 0*5 per cent and with the ordinary 
precautions usual in work of this nature an accuracy of 0*2 per 
cent is easily obtainable. 

Instead of using a scale and telescope, a projector lamp, Fig. 
80, may be employed. The projector is set up as near to the 
mirror as possible, the mirrors are adjusted and the lamp 
focused imtil the crosswires are clearly defined. Observations 
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may be plotted directly on squared paper on a rotating 
dmm. 

When a telescope is used it is convenient to employ a milli- 
meter scale at a distance of 5 000 (^Z/4), where d is the mean 
diameter of the rollers. In this case 1 cm. represents 0*0002 in. 
At such distances it is easy to read to \ mm., or an extension of 



Fio. 80. Method of Plotting Load-extension Curve with 
THE Aid of a Projector Lamp 
( ji. Machlow Smith) 


0*00001 in. Lamb’s Extensometer is made by Mr. A. Macklow 
Smith, Westminster. 

The Amder Mirror Extensometer. Amsler’s mirror extenso- 
meter is based on the Marten’s system and is shown in principle 
in Pig, 81. In this instrument comparison is made of the 
amount of the extension of the test piece relative to a standard 
length in the form of a strip. The comparison strip, as it is 
termed, has at one end, a sharp edge which is placed in one of 
the gauge marks on the specimen. At the other end of the strip 
is a notch which carries a little lever supported in the other 
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gauge mark. The lever, in the form of a rhomb, has sharp 
parallel edges and carries a small mirror. When the test piece 
undergoes alteration in length the rhomb is tilted. An elastic 
clip holds the comparison strip against the specimen and pre- 
vents the point of contact of the small lever from being dis- 
placed on the test piece without, however, interfering with the 
angular movement of the lever. The change of gauge length is 



measured by noting the angular movement of the mirror by 
means of a telescope and scale. Referring to Fig. 81, T is the 
telescope, B the mirror, E the rhomb or prism lever, S the test 
piece, F the comparison strip, and G the scale. A similar 
assembly is arranged symmetrically on the opposite side 
of the test bar. The illustration shows only one set of 
measuring parts, and for greater clearness the clip is not 
shown. 

For reasons of stability it is usually preferable to place the 
edge of the strip F at upper end of the specimen and the mirror 
carrier at the bottom. 

In the diagram, a represents the width of the prism, D the 
distance between scale and mirror, L the length of the com- 
parison strip measured from the knife-edge to the middle of the 

8 — (T.48) 
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With the previous notation, if /S is the sum of the two readings 
then 

ejS = alW 

The position of the knife-edge rhomb should be as nearly 
perpendicular as possible to the surface of the test bar. To 
facilitate the adjustment of the mirror carrier to the perpen- 
dicular position each carrier is provided vith an index at right 


$ 



'Fig. 82 . Coker’s Lateral Extensometer 


angles to the knife-edge rhomb ; its position ought therefore to 
be parallel to the surface of the test bar for the correct position 
of the knife. 

If desired, a mirror may be attached to the comparison strip 
alongside the mirror carried by the rhomb. This enables the 
zero on the scale to be checked as the test proceeds and any 
bodily shift of the test bar to be allowed for if necessary. 

Extensometer for Measuring Lateral Strains. Coker’s 
lateral extensometer is shown in Fig. 82. The U-shaped frame 
A carries a micrometer if in a friction-tight grip and is pro- 
vided with a loose measuring needle. A second similar needle 
B, in line with the first is supported in a casing H, and its outer 
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end bears against the short arm of a bell-crank lever C, pivoted 
at J. The longer arm of the bell crank is kept in contact by a 
light spring with the projecting arm P of the mirror pivoted 
to a member ;S of the frame A. Any displacement between 
the tips of the measuring needles causes a tilt of the mirror and 
serves to measure the lateral strain produced in a stressed bar 
placed between them. 

The extensometer frame is held in a convenient support when 



Fig. 83- Riehle Autographic Recording Gear 
(Machinery) 


applied to measure the change of dimension of a specimen. 
The mirror is employed in conjunction with a lamp or telescope 
and scale in the usual way. 

Autographic Recorders. The Riehle recording gear is shown 
in Kg. 83. The machine itself is a multi-lever machine similar 
to Olsen machine which with its autographic gear was 
described in Chapter III. 

The diagram shows the autographic and automatic gear, the 
specimen, and part of the poise screw, all rotated into the same 
plane in order to make the mode of operation clear. 
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A micrometer dial M is fixed to the poise screw to indicate 
small increments of load. A bevel pinion on the spindle operat- 
ing the poise screw transmits motion to the vertical screw V 
and operates the nut which carries the pencil. The movement 
of the pencil along the drum is proportional to the movement of 
the poise weight and provides the load ordinate. 

The drum is rotated in the following manner. 

The bracket carrying the rod R is bolted to one of the columns 
on the platen of the machine. A telescopic slide moves on the 
rod R, The slide consists of three parts: an inner tube A, 
which slides on the rod ; an intermediate tube B which slides 
on the first ; and an outer tube G, provided with friction rollers, 
free to slide on the tube B, Each can be clamped in position 
by means of a thumb screw. 

The tubes A and 0 each carry an adjustable fork which rests 
on a cHp pinched on to the specimen at a gauge point. Under 
operating conditions the inner tube A is allowed to slide on the 
vertical rod by virtue of the weight of the parts and is sup- 
ported by the fork resting on the upper clip G^. The inter- 
mediate tube is clamped to A by its screw, while the outer 
part C is left free on B and supported by the fork resting on the 
lower clip C 2 on the test bar. 

Any movement between the top grip and the upper gauge 
point results in the tubes moving bodily down the rod with no 
relative movement. Extension of the specimen results in the 
tube G moving relatively to A by an amount equal to the exten- 
sion between the gauge points. The tube C carries a rack which 
drives the pinion P and this rotates the chart drum through a 
double Hooke’s joint. The rotation of the drum provides the 
strain ordinate. The magnification is 5: 1, 

Automatic operation is obtained by means of a friction 
drive. The disc D is driven at a suitable speed by a light leather 
belt not shown. Two fibre -discs F, F are secured by a feather 
to a spindle working in bearings in the swivel plate Q which is 
supported by the frame of the machine. The swivel is free to 
oscillate about the vertical axis so as to permit one or other of 
the fibre wheels to engage the driving disc. When either 
engages, the spindle is rotated and operates the poise screw in 
the appropriate direction. This is accomplished by the belt 
drive from the pulley G. The swivel carries two armatures or 
keepers, and is controlled by electromagnets, one of which is 
put in circuit whenever the beam makes contact with the top or 
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bottom stop. The rate of movement of the poise can be ref- 
lated by hand by means of the screwed spindle S. This carries 
two forks which bear on the fibre discs and can be moved 
radially across the face of the driving disc with consequent 
alteration of the velocity ratio. When everything has been set 
up, the clutch operating the straining gear is thrown in and a 



Fig. 84. Denison AtrroGRAjPHic Kecorder 

The ^lyard halaace indicator is visible to the left and the rod of the 
compensating gear can be seen behind the right hand end of the drum. 

(Bemmi & Son -Ltd.) 

switch is closed to complete the circuit when the beam touches 
a contact point. After closing the switch the test proceeds 
automatically. 

The Denison Autc^pMc Recorder, Figs. 84 and 85, is made 
m two typ^. The drum canying the chart is of aluminium and 
B mounted on a ball bearing spindle. The largest size of graph 
is 10 in. X 10 in. A stepped pulley having flat grooves for cord 
driving is mounted on the spindle and provides the choice of 
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several scales. The pulley drives the drum by friction, a method 
that facilitates the setting of the pen to zero. The motion of the 
drum is obtained from the extension of the specimen, clips being 
attached at the gauge points to take the driving cords. The 
stress ordinate is provided by the travel of the pen parallel to 



Fic. 85 . Front View op Denison Single-lever Vertical 
Testing Machine 

With cords in position over specimen frames ready to commence test. 

{Denison & Son Lid.) 

the drum axis. The pen is carried on a duralumin bar which 
rests on two broad-faced pulleys mounted on ball bearings. A 
taut wire attached to the bar passes round the pulleys and 
ensures that all move in unison. The arrangement is clearly 
seen in Fig. 85, 

The stress ordinate in one t3rpe of recorder is obtained from 
the travel of the poise along the beam. The test is conducted 
in the ordinary way, the poise weight being traversed to main- 
tain equihbrium. 
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For single-lever machines a compensatiag mechanism is fitted 
which compensates for fluctuations of the steelyard within 
about ± 3 per cent of the full capacity of the machine. This is 
an important feature since it is somewhat difficult to keep the 
steelyard floating exactly in its mid position. The limits of 
automatic compensation and the exact position of the steelyard 
are shown by the indicator. 

This type of recorder is the more accurate as it works off* the 
lever and deadweight system of the machine. 

In the other type the stress ordinate is produced from the 
extension of one or more calibrated springs which serve as a 
load resistant and which automatically maintain equilibrium. 
Any number of scales may be obtained by the use of appro- 
priate springs. With this t3pe the recorder itself gives the only 
indication of the test. When fitted to multiple lever machines 
it is provided with a dashpot for damping out the oscilla- 
tions of the spring. Means are provided for calibrating the 
springs. 

Other recorders employing a calibrated spring are the Wick- 
steed and the Buckton-Wicksteed in which the principle is 
the same as in the instrument just described. 

Amsler Recording Extensometer. Amsler’s recording ex- 
tensometer used in conjunction with the Pendulum Dyna- 
mometer (page 55) is shown in Fig. 86. 

The instrument consists of two knife-edged grips which are 
held together by two telescopic tubes fitting into each other. 
Each knife-edged grip is provided with a sharpened disc, with 
two notches, to bear on the test bar at the gauge point. The 
round part of the disc is used for attaching the instrument to 
flat specimens while the notches are used for gripping round bars. 

A set of telescopic tubes allows gauge lengths of 8 in., 6 in. 
and 4 in. to be employed. 

When the specimen extends the elongation is transmitted 
to the recording drum by an inextensible cord. The end of the 
cord is fixed to an eyelet mounted on one of the grips of the 
extensometer, the eyelet being kept in position by a spring. 
The cord next pass^ round a guide pulley mounted on the 
other gnp and from there is led to the recording drum for the 
diagram. 

The eyelet to which the cord is attached prior to the test 
giv^ the cord an initial tension which is effectively maintained 
as the test bar is stretched. . 
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The grip carrying the guide pulley should always be attached 
to the test bar end nearest that gripping head of the machine 
which does not move 


during the test. 

The tubes forming 
the connection be- 
tween the two grips 
are provided with a 
scale and an indica- 
tor showing the 
reading at every 
moment of the de- 
formation under- 
gone by the bar. The 
extensometer is un- 
affected by the 
shock when the test 
piece breaks. 

When using plain 
paper for the dia- 
gram, as advocated 
by Messrs. Amsler, 
it is advisable, just 
before starting a 
test, to mark the 
zero and maximum 
hnes by holding the 
pointer on the dial, 
first at zero and 
then at the maxi- 
mum of the load 
range, and in each 
position revolving 
the recording drum 
with the free hand. 
The distance be- 
tween these two 
basic lines (4 in.) 
then represents the 
fuU capacity of the 
corresponding 
range and any in- 



Fig. 86 . Amsler Recording Extensometer 
(Alfred J. Amsler db Co.) 
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tennediate position of the diagram can be found by using a 
draughtsman’s scale. 

A diagram taken on an Amsler machine is reproduced in 
Fig. 87. 

Messrs. Amsler have developed a new type of recorder, 
magnifying fifty times and thus giving an enlarged scale for 

the elastic portion of the 
stress strain diagram. This is 
accomplished by means of a 
micrometer screw with a 
large head supported by the 
outer guide tube. The screw 
is pointed and touches a stop 
attached to the inner guide 
tube. One end of a thread 
wound round the head of 
the micrometer is led over a 
fixed guide roller and is 
loaded with a small weight 
— the driidng weight. The 
other end of the thread runs 
over guide rollers on the ex- 
tensometer and over the 
This also is loaded with a 



Pig. 87. Diagram Taken- on 
Amsleb Machine 
(Alfred J. Amder Co.) 


pulley on the recording drum, 
weight — ^the tension weight. 

During the elongation of the test bar the upward movement 
of the upper clamp sets the micrometer screw out of contact 
with the stop attached to the lower clamp. The micrometer 
screw, which is thereby set free, revolves under the action of the 
driving weight, which is heavier than the tension weight, and 
screws itself down until the point again touches the stop. These 
movements are transmitted to the recording drum by means of 
a thread. 


By leading the thread over the large pulley on the recording 
drum the magnification can be increased to 100 times. The 
graph obtained in this way permits the modulus of elasticity, 
the limit of proportionality, and the yield-point to be ascer- 
tained. 

As such a large magnification would be useless beyond the 
yield point an arrangement to limit the play is provided. This 
automatically changes the magnifying extension into an 
ordinary recording extensometer, the elongations being recorded 
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full size if the thread is led over the large pulley, or double size 
if it is led over the small pulley on the arm. 

This automatic change-over takes place as soon as the elonga- 
tion of the test bar has reached a dimension corresponding to 
the yield point which may be expected. 

A suspension arrangement prevents the instrument from 
falling when the test piece 
fractures. The instrument, 
which must be used in a 
vertical position, can be 
adapted to round bars from 
yV hi. to 1 in. diameter. 

The Westinghouse Ex- 
tensometer. The Westing- 
house extensometer for wires 
is shown in Fig. 88. It con- 
sists of two clips Cl and 
fastened at one end to a 
block B provided with a slot 
for the test wire to pass 
through. The free ends of 
the chps carry hardened steel 
rollers jB^, R^ mounted on 
pivots. The rollers cany plane mirrors and a spot of hght from 
a lamp in the tube T is projected on to one of the mirrors and 
passes by reflection to the scale 8, Alterations in the length of 
the test wire of 0*00002 in. can be measured. 

Dalby’s Optical Recorder. Designed to obviate inertia 
errors, this instrument is shown in Fig. 89. The load measure- 
ment is obtained from the extension of a steel bar, the bar 
acting as a stiff spring. The bar W is hollow and is gripped at 
its upper end in the head of the machine. A small concave 
mirror M is free to move about the axis ab, the tilt being 
effected through the medium of the steel tube T. 

The beam of hght from the lamp Z is reflected by the 
mirror Q on to the mirror M and by a third mirror N to the 
photographic plate at P where the beam is focused to move 
horizontally across the plate. The magnification is of the order 
of 340. 

One axis of the mirror N is connected to the specimen 
8 by the hnkage shown. This consists of a frame F carry- 
ing two points which are clamped to the lower gauge point 



Fig. 88. Westinghoitse Extenso- 
meter FOR Wires 



CHAPTER VII 

TORSION TESTING MACHINBS 

Torsion tests are carried out to determine the modulus of 
rigidity of a material — ^the ratio of shear stress to shear strain — 
or to ascertain its ultimate torsional strength. 

Tests are made, most commonly, on specimens of round 
section. This is the only section to which the elementary theory 
of torsion is apphcable. 

The torque T which will induce a stress / in a bar of diameter 
d is 

T = (•77'/16)d®/ . . . (see page 6) 

When a sohd bar of mild steel is tested in torsion it is found 
that the yield point is less marked than in the tension test. 
Failure is masked owing to the fact that the whole of the 
material is not at once stressed to the same degree. The stress 
is greatest in the outer layers and becomes more and more 
uniformly distributed over the section as the plastic stage is 
traversed. There is no appreciable reduction in the cross- 
section of the test piece and hence the stress-strain curve does 
not show the pronounced droop at the end as in the tension 
test, but becomes almost parallel to the strain axis. ■ The shear 
stress being then uniformly distributed, the maximum stress is 
calculated by the formula 

T= (77/12)#/ 

where T is the breaking torque. 

In making a test, it wUI be found that after the true elastic 
stage has been passed, the steelyard, for each increment of load, 
tends to fall due to creep, and that only approximately accurate 
readings can be taken. Equal intervals of time should be 
allowed between each successive pair of readings. 

In order to determine the yield stress more accurately the 
test piece is sometimes made in the form of a tube. The stress 
distribution across the comparatively thin wall of the tube 
being more nearly uniform, the yielding will be more definite. 
Thin-waUed tubes are not, however, very suitable for the deter- 
mination of the maximum strength as they frequently deform 
after creep has begim. 
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The modulus of rigidity G can be found from the formula 

G = . . . (see page 6) 

when the gauge length Z, the diameter d of the specimen, and 
the angle of t\\ist 6 produced by the apphed torque T are 
known. 

In the case of tubes of outside diameter D and inside dia- 
meter d, the foregoing expressions become respectively 


and 


T=: 




TT (D^-#) 

16 D 
32 TZ 


7r(D4-#)e* 


Ductile materials, such as mild steel, fracture on a plane at 
right angles to the axis of the test piece, but brittle materials 
fracture along a 45"^ helix, indicating that failure occurs where 
the tensile stress is a maximum. 

The usual method of applying a torque to the specimen is by 
means of a worm and wheel driving a chuck in which one end of 
the test piece is gripped. The other end of the test piece is 
held, either in the steelyard directly, or in one arm of a multiple- 
lever system. The applied torque is balanced by the moment of 
the poise about the fulcrum of the weighing lever. 

While many universal testing machines have provision for 
making torsion tests it is often advantageous to employ a 
separate machine for this purpose. A good example is the 
machine made by Messrs. W. & T. Avery Ltd., which permits 
te^ts to be made in reverse torsion. 

The machine is illustrated in Fig. 90. The specimen is gripped 
in chucks A and B. Torque is applied by turning the handwheel 
H which drives through the worm gear F. The floating sleeve 
carrying the chuck A is free to slide longitudinally and so pre- 
vents an end load from being imposed on the test piece as 
twisting proceeds. 

The torque is transmitted by the chuck B to the cross-lever 
L fitted with knife-edges E at its ends. 

According to the direction of the twist, the main lever pulls 
on one of the intermediate levers which in turn communicates 
the pull to the steelyard. The latter carries the balance weight 
D and the movable poise w operated by the small handwheel «/. 
The main lever has a fulcrum consisting of hardened steel 
cones and cups bearing upon rings of hard steel balls. The 
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connection between the handwheel, which is on a fixed portion 
of the frame, and the gearing on the steel yard is made at the 
point of no motion, that is, at the fulcrum ; consequently, the 
pressure upon the handwheel is not commimicated to the steel- 
yard. This obviates the possibility of the specimen being broken 
prematurely. The steelyard is fitted with a polished scale plate 
graduated from zero to 2 000 lb. -in. by 50 lb. -in. divisions : 



Fig. 90. Avery Torsion Testing Machine 
{Madibiery) 


a vernier scale on the poise subdivides these into divisions of 
5 lb. -in. 

The fuU capacity of the machine is 10 000 Ib.-in. and addi- 
tional poise weights are supplied for this capacity. When the 
poises are combined the scale readings need to be multiplied by 5. 

A graduated ring mounted on the wormwheel enables angles 
of twist on the whole length of specimen to be measured over 
the plastic stage. The specimen used in this machine has 
coned ends each provided with two keyways, as shown in Tig. 
91. The maximum length of specimen between shoulders is 
about 10 in. 

As this type of specimen is somewhat expensive to make, it 
is an advantage, for ordinary work, to have additional holders 
to take specimens having square ends. 





118 


MECHANICAL TESTING OF METALS 


For measurements witKin the elastic stage some form of 
tomion strain meter is needed. Several commercial instruments 

are available for making such 



measurements. 

A simple and effective arrange- 
ment by which the strains can be 
observed is shown in Fig. 91. 
Two rings, J?i and J? 2 , each carry- 
ing a mirror {A, B) which can be 
tilted about two axes at right 
angles, are clamped to the gauge 
points. These, used in conjunc- 
tion with two scales and two 
telescopes, enable observations of 
the angular displacement to be 
made. If the two mirrors are 
arranged close together it is pos- 
sible to work with only one tele- 
scope and one scale. 

Measurements of the twist during 
the plastic stage may be made if 
one ring is provided with a scale 
of degrees and the other with a 
suitable pointer the end of which 
traverses the scale on the iBrst 
ring. 

The table on page 119 gives the 
results of a test on a mild steel 
specimen | in. diameter and 6 in, 
between gauge points. 

Referring to Fig. 91, suppose 
the mirror A to be adjacent to 
the end of the test piece to which 
the torque is applied, while the 
other, B, is near the end gripped 
by the main lever. In the table, 
column 3 contains the observations 
taken on mirror A and column 5 
those taken on mirror B, If the 
initial reading, namely 16, of 
column 3 be subtracted from the 
remaining numbers in the column 
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TABLE VII 


Record of Test of a Mild Steel Bar J m . Diameter 


No. of 
Reading 

(1) 

Applied 

Torque 

T lb. in, 

(2) 

Observed 

Reading 

Mirror 

A 

(3) 

Corrected 

for 

Zero 

(4) 

Observed 

Reading 

Mirror 

B 

(5) 

Corrected 

for 

Zero 

(6) 

Twist 
on 6-in. 
Gauge 
Length 

(7) 

1 


16*0 


10-3 



2 

850 

26*6 

10-6 

14-7 

4-4 

6-2 

3 

1 100 

28-6 

12-6 

15-5 

5-2 

7*4 

4 

1 225 

29-9 

13-9 

15-7 

5-4 

8-5 

5 

1 350 

31-25 

15-25 

15-8 

5-5 

9-75 

6 

1 425 

31-5 

15-5 

15-9 

5-6 

9-9 

7 

1 475 

31-9 

15-9 

15-8 

5-5 

10-4 

8 

1 600 

33-1 

17-1 

16-2 

5-9 

11-2 

9 

1 720 

34-2 

18-2 

16-6 

6-3 

11-9 

10 

1 1 820 

35-4 

19-4 

16-8 

6-5 

12-9 

11 

1 975 

36-5 

20-5 

17-25 

6-95 

13-55 

12 

2 100 

37-7 

21-7 

17-25 

6-95 

14-75 

13 

2 350 

39-8 

23-8 

17-7 

7-4 

16-4 

14 

2 600 

41-7 

25-7 

17-65 

7-35 

18-35 

15 

2 850 

44-3 

28-3 

18-5 

8-2 

20-1 

16 

3 100 

46-2 

30-2 

18-6 

8-3 

21-9 

17 

3 150 

56-7 

40-7 

19-7 

9-4 

31-3 


and tabulated in column 4, the values so obtained represent 
the twist up to the ring The differences between corre- 
sponding numbers in columns 4 and 6 give the values of the 
twist, in scale divisions, on the given gauge length. These 
values are tabulated in column 7. 

The distance between the mirror and the scale being denoted 
by L, the angle of twist 6 radians is found from the formula 

, ^ twist in scale divisions 


In most oases it is sufficiently accurate to replace tan 6 hj 6 
itself. For an angle of 5® the difference between the radian 
measure of the angle and its tangent is, from four-figure tables, 
0-0002 and for an angle of 10° the difference is 0-0018. 

In the present instance the scale readings are in centimetres 
and the distance between the scale and mirror is 12 ft. 6 in. 
Hence the multiplying factor for converting the readings in 
column 7 into radian measure is 


1 

2 X 12-5 X 12 X 2-54 


0-001313. 
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If, in the setting up of the test piece, a small initial torque 
be inadvertently applied, the correct value of the torque can 
be ascertained at the end of the test by plotting the torque- 
twist diagram and producing the straight portion of the graph 
to intersect the vertical axis through the origin. The magnitude 



TWIST ON 6 tNCKES “ SCALE DIVISIONS 

Fig. 92 . Torque-twist Diagram from Test of { m. Diameter 
Mild Steel Bar 
{Machinery) 


of the intercept will give the value of the initial torque. The 
diagram can then he replotted, if desired, with the correct 
zero. 

The results in columns 2 and 7 are plotted in Pig. 92. 

To determine the modulus of rigidity we have 

[G = ZmjTtd^ 

= (321/77d«) X (T/e) 

The ratio T/0 is given by the slope of the graph. Thus 
„ 321 T 

32 X 6 qr 

~ 3-1416 X (0-875)4 ’ 0-00131^ 
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32 X 6 2 350 Ib.-in. 

” 3*1416 X (0'875)^ 0-001313 X 16*5 scale divisions 
== 11 300 000 lb. per m,^ 

Fig. 93 shows the results of a torsion test on a mild steel bar 
pierced transversely. 

In the torsion machine Fig. 94, made by Messrs. Alfred J. 
Amsler & Co., of Schaffhouse, the load is measured throiagh the 



Fic. 93- Toeqtte-twist Diagbam of Test of | in. Diametee 
Mild Steel Bar Pierced Transversely 
{Machinery) 


medium of a pendulum. The gripping head at the left of the 
machine is fixed to the end of a shaft which rotates in ball 
bearings and is rigidly connected to the pendulum rod. When 
the test bar is in position the torque applied to the worm drive 
tends to rotate the pendulum, which is then deviated from its 
position of equilibrium to such an extent that its static moment 
balances the applied torque. 

To prevent the pendulum from falling back too quickly at 
the instant when the test bar fractures, it is hooked on to a brake 
rope which prevents a too rapid descent. The inclination of the 
pendulum is transmitted to the spindle of a pointer which in- 
dicates on a dial the moment of torsion in Ib.-ft. 



iAlfted J. Amsler Co.) 
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A record of the test is given by an autographic device similar 
in principle to that described in Chapter VI. 

The deflection couple of the pendulum can be changed by 
altering the position of the bob and a separate dial is provided 
for each degree of sensitivity produced. 

For gripping the test bar, taper-wedge grips are provided, 
smooth wedges being used for flat specimens and toothed 
wedges for round bars. In making torsion tests on smooth 


K-OM. FRACTURE 



> ANGLE OF TORSJON 

Fig. 95. Autographic Record Taken on Amsler Machine 
{Machinery) 


round bars the ends are enclosed with wood slats which are 
gripped in the toothed wedges. When testing tubes it is neces- 
sary to flt plugs in the ends in order to prevent the tubes from 
being flattened at the gripping point. Special gripping heads are 
provided for dealing with crankshafts when it is required to test 
these in torsion. 

The twist on a given gauge length is measured by means of 
two graduated rings and two discs moving inside the rings. The 
rings are claniped to the horizontal bars of the machine and the 
discs to the specimen at the gauge points. The angle of torsion 
can be read to 
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indicated on a counter actuated from the drive of the lower 
clamping head. Angles of twist may be measured to one- 
hundredth of a revolution. 

The angle of torsion of the measuring wire is shown on a 
circular scale mounted on the intermediate arm. A driving pin 
which is inserted in the spindle and to which is secured the 
lower clamping head of the wire under test, pushes a loose 
pointer over the circular scale. The distance traversed by this 
pointer depends on the torsional resistance of the measuring 
wire, and in consequence is a measure of the torsional moment 
applied to the test wire. 

The angle of torsion of the measuring wire as a function of 
the angle of torsion is determined by experiment. 

The device for calibrating the measuring wire consists of 
weights which exert equal and opposite forces on the ends of a 
cross-pm fixed to the spindle of the lower head of the measuring 
wire. For cahbrating very thin measuring wires the checking 
weights are suspended according to the bifilar principle. The 
calibrating arrangement, which is only needed occasionally, is 
removed from the apparatus during torsion tests. 

Four measuring wires are provided of 50, 5, 0*5 and 0*05 
Ib.-ft. capacity. 

The free length of the test specimens between clamping heads 
is 4 in. or 2 in., according to the settings of the upper and middle 
arms. Wires from the thinnest up to in. diameter can be 
gripped. The illustration shows the machine arranged for 
motor driving. In this case the lower clamping head rotates at 
about 20 r.p.m. 



CHAPTER VIII 

HARDNESS TESTING 


Hardness. An important property of a material is its hard- 
ness, a property easily comprehended in a general way, but one 
that eludes precise definition and whose existence as a definable 
quality is doubted. 

The usual interpretation placed upon the term hardness is 
that of resistance to penetration, or resistance to abrasion. 
But these views are quite distinct since a material may offer 
considerable resistance to abrasion and yet be relatively soft 
according to standards based on indentation tests. 

Hardness tests, as usually made, involve the breakdown of 
the material tested. The result is that the distribution of stress 
is not known with certainty and hardness values are therefore 
based on the consequences of the stresses produced. 

Although such tests are merely relative they are of great 
value to engineers. Primarily, hardness, however it may be 
imderstood, is important in that it enables a material to with- 
stand certain conditions of service. Its importance in the 
scheme of mechanical testing lies in the fact that its quantita- 
tive determination affords an estimate of the tensile strength 
of steel and wrought iron and, moreover, throws light on the 
treatment which the material has received during manufacture. 
The ease with which hardness tests can be made has led to their 
widespread adoption in commercial testing. 

Scratch Tests. The mineralogical scale of hardness is based 
on a scratch test and consists of a number of substances arranged 
in an empirical series. The arrangement indicates that each 
substance wdU scratch the one preceding it in the scale but not 
the one that succeeds it. The scale, usually termed MoKs 
Scale, is as follows — 


1. Talc. 

2. Gypsum. 

3. Cal(^par. 

4. Fluorspar. 

5. Apatite. 


6. Felspar. 

7. Quarte. 

8. Topaz. 

9. Corundum. 

10. Diamond. 


Here there is no attempt at measurement, the relationship 
being purely qualitative. 
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The scratch test has, however, been developed by Martens 
and other workers and tests have been introduced in wliich a 
diamond, loaded by a movable poise on a lever, scratches the 
test piece. Hardness is then defined as the load in grams under 
which a conical diamond would produce a scratch 0-01 mm. 
wide. In recent years farther attention has been given to 
''scratch hardness’’ but this aspect of hardness testing will not 
here be pursued further. Instead, attention wiU be devoted to 
the indentation test, as this is now standardized and plays an 
important part in the workshop testing of metals. 

^dentation Tests. Indentation tests are made under static 
conditions and consist in forcing a baU or pointed body into the 
test piece under a dead load. Conical and pyramidal points, 
as weU as spheres, are used. 

The former offer some advan- 
tage, but the general run of 
hardn^s tests are, at present, 
made with a ball. 

In the Brindl method, from 
which the test takes its name, 
a steel ball is forced into the 
test piece under pressure and 
the hardness of the material is 
expressed as a number — the 
Brinell hardness number — 
which is defined as the stress 



per unit of spherical area. Illustrating Method 

TrT»* J.1 1 1 T 1 • 1 -1 OF Deriving the Brinell 

If P IS the load apphed in kilo- Hardness Number 

grammes and A the spherical 

area in square millimetres, the hardness number H, is given by 


H = F/A = F/TTDh 


where I> is the diameter of the indenting ball and h the 
depth of the indentation produced, measured as indicated in 
Fig. 97. 

If is the diameter of the impression we have from the 
similar triangles NPR, RPQ, in the figure, 

PQ/PR = PR/NP 


h dl2 
dl2 D~h 


from which — hD — d^/4 = 0 
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Consequently 


D± ^/(D^ - d^) 


and for the depth of the impression to be less than half the 
diameter of the ball the minus sign must be taken, giving 

By a rule of mensuration the area A of the spherical surface 
is -nhh, that is 

A = w(D/2)[D- -^(D^ - d2)] 

and the hardness number calculated on the diameter of impres- 
sion as a basis, is 

H P 

“ (^D/2)[D- ^/(D^-d^)Y 

In cases where it is necessary to make the numerical cal- 
culation the expression may be put into a more convenient 
form thus — 


(I)/2)[D- ^(D^-d^)} = (D2/2)[1 - (1 - dyi)^)i] 


D^r / id^ 1 i/d^y l.l.Sfd^y Y 

- 2 [^~\^~2D2“2‘4VDV ~2.4.6VDV ' ’ ' )_ 



4DV 


neglecting the sixth and higher powers of d/D. 
So that 


H = 


77^2 

4 




The error involved by the use of this approximation is less 
than 2 per cent even when the ratio d/D = 0-6, the largest value 
advised in ordinary testing. 

It is customary, whenever possible, to employ a load of 
S 000 kg. and a ball 10 mm. diameter. The diameter of the 
impression is measured by means of a microscope. In some 
forms of instrument the microscope carries a cross wire and is 
moved bodily over the field of view by a micrometer screw. 
The cross wire is first brought into coincidence with one edge of 
the impression and the reading of the micrometer dial noted. 
The cross wire is then brought into coincidence with the opposite 
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edge of the impression and the reading again noted. The 
difference between the two readings gives the diameter of 
the indentation. 

In other instruments the image of the impression is focused 
on a scale in the eyepiece whereby the diameter can be read 
off directly. 

Two measurements of the indentation should be taken at 
right angles to each other and the mean of the two values used 
in calculating the hardness number. 

For commercial testing the microscope should be capable 
of measuring the diameter of the impression to 0-05 mm. 

The surface of the test piece should be smoothly finished 
and if a small ball of 1 or 2 mm. diameter is being used the sur- 
face of the specimen should be brought to a poUsh. No. 0 
emery cloth is satisfactory for loads of 30 kg. or more. For 
very small loads the finish should be with No. 00 or 000. 

The British Standard Specification requires that the centre 
of the impression shaU be not less than two and a half times the 
diameter of the impression from any edge of the test piece, 
and that the thickness of the test piece shall be such that no 
marking showing the effect of the load shall appear on the 
underside. 

The value of the hardness number is affected by the dia- 
meter of the ball, by the pressure, and by the distortion of 
the ball itself. On the latter account it is recommended that 
with hardness numbers above 500 care should be taken to 
see that the balls are considerably harder than the material 
tested. 

Experiments by Meyer showed that the mean pressure per 
unit area was constant when the indentations were geometrically 
similar ; that is, 4 = a constant. 

It follows that as d/D and are constant, for similar 

indentations on the same material, P/D^ is also constant. The 
importance of this relation is that it enables comparative tests 
to be made where a 10 mm. ball and a load of 3 000 kg. are not 
applicable. 

Thus, if with a small test piece, a ball of diameter is used, 
the corresponding load Pi that should be applied is — 

For a 5 mm. ball Pi = 30 x 5^ == 750 kg. 

For a 1 mm. ball Pi = 30 x 1^ == 30 kg. 

The operation of indenting the material results in a ridge 
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being formed around the impression, Fig. 98 (a), or in a 
depression as in Fig. 98 {b). The former is noticeable in copper 
and mild steel; the latter in manganese steel and some 
bronzes. 

As the hardness numbers, as calculated from the curved area 
of impression, are not strictly comparable for different materials, 
the depth of the indentation below the original surface has been 
suggested as forming a more rational basis of comparison. This, 
however, is not the basis of the Brinell hardness number 
according to the British Standard Specification, which stipu- 
lates that the hardness number must be ealctdated from the 
diameter and not from the depth of impression. 

The hardness numbers calculated from the diameter of the 
impression are not independent of the load, but if the depth 

lA 

TTTTTTT^^TTTTTTZ 

<a> - 0^ 


Fig. 98 . Test Ikdentations 

(а) Showing ridge round the edge of the indentation. 

(б) Showing depression round the edge of the indentation. 


from the original surface be used, the numbers obtained are, 
for some materials, independent of the load. Carrington has 
shown, however, that there are considerable divergences from 
this rule. 

For steel and materials of a like degree of hardness, a load 
of 3 000 kg. with a ball 10 mm. diameter is employed. This 
makes the ratio P/D^ = 30 as shown previously. For copper 
alloys the specified value of P/D^ is 10, while for copper it is 5 
and for lead and tin it is unity. 

The effect of time on the size of the impression formed has 
Kttle effect after the first 10 sec., at least for steels. The mini- 
mum time of application of the load given by the specification 
is 15 sec. when P/D^ = 30, and 30 sec. when P/D^ = 10, 5 or 1. 
The rate of application of the load may, however, cause appre- 
ciable differences in the hardness numbers obtained. To avoid 
errors of this nature some machines, such as the Herbert 
power-operated machine, are designed to eliminate the per- 
sonal effect when applying the load. 
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In practice the hardness number for a given diameter of ball 
and of impression is found from Tables. The curve in Fig. 99 
shows how the Brinell hardness numbers vary with the 
diameter of impression. 



Fig. 99. Gbaph Connecting Diameter op Indentation 
WITH Hardness Number 


Relation Between Brinell Hardness Number and Tensile 
Streii^tli. The Brinell test is often used to obtain an indication 
of the strength of a material, since a useful relation exists 
between the Brinell hardness number and the tensile strength, 
at least in the case of certain steels. So far, however, no rule 
of general application has been found to exist. 

The chain dotted lines drawn through points represented 
by circles in Fig. 100 link up the results of a large number 
of tests made by Messrs. Hadfield and Main on a variety 
of steels. The British Standard Specification suggests that for 
steel the tensile strength in tons per square inch can be found 
approximately by multiplying the BrineU hardness number 
by 0*22. The full line in the diagram is drawn with this value 
for its slope. The points marked +, which represent values of 
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the Brinell nmnber, are plotted from various published tests 
and serve to show how closely the ratio 0-22 holds. 

Messrs. Greaves and Jones from an examination of over 1 000 
specimens recommend the following values — 


Material 

Tensile Strength in 
Tons per in.® 

= Brinell FTumber 
Multiplied by 

(a) For beat-treated alloy steels with a Brinell num- 
ber of 250 to 400 . . . . . . i 

0-21 

(6) For heat-treated carbon steels and for alloy steels 
with a Brinell number below 250 

0*215 

(c) For medium carbon steels as rolled, normalized 
or annealed ....... 

0*22 

(d) For mild steels rolled, normalized or annealed 

0*23 


The above values do not apply to severely cold worked or austenitic 
steels. 

For non-ferroTis wrought alloys such as duralumin and Y-alloy 


Tensile strength = 


Brinell hardness number 
4 


Hardness Testing Machines. Numerous machines for making 
the Brinell test are now on the market. The loading is generally 
direct or by means of a lever, by screw gearing or by hydraulic 
pressure. 

Messrs. Alfred Herbert Ltd. make a small machine for deter- 
mining the hardness of specimens of the order of 0-01 in. in 
thickness. Amongst the applications of this machine may be 
cited the testing of thin walled tubes without internal support, 
and of cutlery blades which would be disfigured by a large 
impression, the determination of the hardness of wire at suc- 
cessive stages of drawing, and the hardness of a cutting tool 
close to the edge. 

The balls used are 1 or 2 mm. diameter and loads up to 50 kg. 
are employed. For testing extremely soft material balls of 
5 mm. diameter are supplied. 

Alfred Herbert Small Hardness Tester. The machine, shown 
in Fig. 101, is the outcome of investigations made at the 
Research Department at Woolwich Arsenal with the object of 
evolving a means of determining accurately the hardness of 
thin specimens. The table for the reception of the work to be 



HARDNESS TESTING 


135 


prescribed period the upper handwheel is turned back to take 
the weight off the specimen, which is then removed and the 
diameter of the impression measxired. For this purpose a micro- 
scope is supplied, magnifying 180 diameters and with gradua- 



Fig. 102. Vickers Hardness Testing Machine 
{Vickers-Armitrcmgs Ltd.) 


tions of HUH- on the scale. Additional objectives may be 
obtained giving one-half and one-fifth of the standard magni- 
fication respectively. 

The Vickers Pyrsmaid Hardness Testing Machine, The Vickers 
pyramid hardness testing machine, Fig. 102, consists of a 
frame F of U-section which carries the stage S and a beam L of 
20: 1 ratio. The load is applied through a thrust rod R to 

10 — {T.48) 
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the tube T which is Jfree to reciprocate vertically. The tube 
carries a diamond indenter D at its lower end. 

Attached to the main jframe is a frame B, This carries the 
control mechanism. The plunger P is reciprocated by means of 
the rotating cam G and serves to apply and release the test 
load. The cam is mounted on a drum and when the starting 
handle H has been depressed the whole is rotated by a weight 
W attached by a flexible wire, the speed of rotation being con- 
trolled by a piston and oil dashpot. 

The rate of displacement of the oil is regulated by an adjust- 
able control valve. The plunger carries a rubber pad at its 
upper extremity and this engages with a cone mounted in the 
beam, thereby ensuring a slow and diminishing rate of applica- 
tion for the last portion of the load. The cam both lowers and 
raises the load, the object aimed at being to eliminate inertia 
errors. Depression of the foot pedal returns the cam, drum and 
weight to their original positions. 

A trip-piece 0 supports the beam during this latter operation 
and drops out as soon as the plunger returns to its top position. 
The machine is then ready for another test and no external 
power is required other than that provided by the operator in 
depressing the foot pedal. 

The microscope M is capable of measuring to 0*001 mm. It 
is mounted on a hinged bracket so that it can be swung to a 
position immediately over the impression. 

Instead of the usual scale or eyepiece micrometer, a specially 
designed micrometer ocular is used. The impressions are read 
to faufe-edges, thxis avoiding eyestrain, and readings are taken 
entirely from a digit coimter mounted on the side of the ocular. 
In making a test the pedal should first be depressed in order to 
load the machine. The area to be tested is placed on the stage 
and the latter raised until the surface to be tested just clears 
the point of the diamond indenter. The start-ing handle is 
then pressed to release the mechanism, when the test pro- 
ceeds automatically and terminates with an audible click. 
Measurements are made across the comers of the square 
impression in the following manner. 

The left-hand knife-edge is adjusted by means of a knurled 
thumb screw to correspond with the left-hand comer of the 
impre^ion and the right-hand knife-edge, which is controlled 
by a micrometer screw connected to the counting mechanism, 
is moved to correspond with the right-hand comer of the 
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impression. The view through the microscope then appears 
as in Fig. 103. The reading is taken from the figures on the 
counter at the side of the eye-piece and converted by means 
of tables to Vickers pyramid numerals. 

In cases where work has to be tested 
with a view to ascertaining whether or 
not it conforms to specified maximum 
and minimum limits of hardness, a third 
knife-edge is brought into use. This third 
knife-edge is brought into the field of 
vision by turning a thumb screw at the 
side of the ocular and is set by means of 
the micrometer right-hand knife-edge to 
correspond with the smaller dimension, 
i.e. the maximum limit of hardness. 

The micrometer knife-edge is then ad- 
justed to correspond with the larger dimension, i.e. the mini- 
mum limit of hardness. 

Having made the setting of the second and third knife-edges 
in this manner it is only necessary, when reading, to set the 
fixed knife-edge to the left-hand comer of the impression in 
the ordinary way. Fig. 104 (a) shows the material too hard, 


y 


Fig. 103. Method of 
Settikg the Vickees 
Microscope 
{Vickis' Armitrongs Ltd.) 



(“) (6) (c) 

Fig. 104. Testestg fob Cobrect Habditess 
{Vickeri-Armftrimgs IM.) 


Fig. 104 (6) shows the material to be correct, and Fig. 104 (c) 
shows that the material is too soft. 

In handling mass routine work a convenient method of 
oj:^ration is first to make all the impressions on the pieces, using 
a jig for locating each piece beneath the diamond. When this 
has been done the readings are made with the microscope, the 
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pieces being easily set in position by means of the jig. Up to 
two hundred tests an hour can be made in this way. The 
machine is manufactured by Messrs. Vickers-Armstrongs Ltd., 
CVayford, Kent. 

The Olsen-Brinell Hardness T^ter. In the Olsen-BrineU 
hardness tester, Fig. 105, the ball is attached to the underside 
oJf a piston to which fluid pressure is 
applied. The test piece is placed on 
the table and raised by means of the 
handwheel until it makes contact with 
the ball. The piston is a ground fit in 
its cylinder and without packing, so 
that when pressure is applied by a 
small hand pump frictional effects are 
negligible. The pressure is indicated 
on the gauge, but to ensure correct load- 
ing the plunger carrying the weights 
seen in the illustration fits into the 
cylinder above the load piston and 
ensures that an overload is not applied 
to the baU. 

When the maximum pressure is 
reached the plunger and weights ‘'float ” 
and thus limit the load on the piston. 
Oil leaking past the piston or plunger 
is drained away to the reservoir. 
The pressure is released by opening a 
Fig. 105 . Oi^bn-Beinell small valve on the top of the pressure 

Haedkess Testing chamber 

I Vr A G TTTN E 

(Edward G.Berbert Ltd.) Pyramid Horduess Numerals. The 

advantage of using the pyramid in- 
denter hes in the similarity of the impressions produced. The 
hardn^s numerals obtained by using a pyramidal form are 
independent of the load. This can be seen from the test results 
plotted in Fig. 106. 

The scale of numerals depends on the angularity of the 
pyramid. The angle selected as a standard in the Vickers 
system is 136"^ which, as may be seen from Fig. 107, agrees with 
the cone angle for a ball impression of 0*375 times the diameter 
of the ball. Tables of Diamond Pyramid Hardness Numbers are 
now issued by the British Standards Association (B.S«.427) ; 
the loads specified being 5, 10, 20, 30, 50, 100, and 120 kg. The 
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numerals obtained with a pyramid of this angularity are 
identical with those obtained in the Brinell test under appro- 
priate conditions. 


woo^ 


Bod 


800\ 


70Ci 

co^l 

'I 2^1 
100 


0-6% 0. St eel Water Hard, 


High Speed Steel , 
Hard^-^- 1280 ^ 0 . Jemp^' 

— = ' ^eso^c. ^ 


0‘6%Carbon Steel OH ^ 

‘ Hardn^-^ TempB 4^50 0. 


Had fields Maoaanese 
1 Steel } 1 


0’^ Carl>on Steel OH 
Hard^- Temp^.eso^'C. 

0*25% Carbon Steel, Oil 
.Hard^^^- Tempd. VOO'^O. 


0 20 40 60 SO 100 120 

Load in Kilogrammes 

Fig. 106. Showikg that Pykamid Habdness Numerals are 
Independent of the Load 


The numerals obtained with the Vickers 136° diamond pyra- 
mid are termed Vickers pyramid numerals, abbreviated as 



Fig. 107. Comparison Between Ball and Diamond 
Impressions 


. . . ° V.P.N. As in the case of the ball the hardness number is 
defined as the ratio 

^ Load in kg. 

Surface area of indentation in mm.^ 
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If 

H ~ pyramid hardness number, 
p = pressure in kg. 

d — mean diagonal of impression in mm. 

Q — angle between each pair of opposite faces of the 
pyramid, 

then, referring to Pig. 108, 



Fig. 108 . Dimensions of Diamond Impbession 

Surface area of indentation = 4 x area of one face 

= 4 X {stl2) 

= 4 X ( 5 / 2 ) X ( 5 / 2 ) cosec (6/2) 

= cosec (6/2) ; 

therefore 

^ 2P sin 6/2 

For an angle of 136° 

H = l-854P/ci2 

The sunilanty between the two systems of numerals obtains 
only in the lower regions of hardness— that is, where the steel 
ball do^ not undergo any appreciable deformation. Between 
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500 and 600 Brinell hardness this deformation begins to make 
itself manifest by 3 delding slightly lower readings than the 
diamond p 3 rramid, and this tendency increases with increasing 
hardness until it becomes very pronounced. The real relation- 
ship is illustrated by curve A in Pig. 109. Curve B in the same 



0 wo 200 $00 400 500 600 700 600 900 1000 
^‘^jckers Pyramid 


Fig. 109 . Cobve Showing the REitATiON Between the Numeeaxs 
WITH THE VlCHEES PyEAMTP AND ThOSE OBTAINED WITH 
A Steel Ball 

A loaded to give an impression of whicli tlie diameter is eqnal to 0-375 
times the diameter of the ball. 

F is a 1-cm. steel ball with a load of 3 000 kg. 


figure shows the relation between the hardness numerals 
obtained with a Vickers pyramid and Brinell numerals obtained 
in the normal way, that is with 3 000 kg. load and a 10 mm. ball. 
The disparity is greater here than in the curve A, because in 
addition to deformation of the baU in the latter case the load 
is constant. The ball impressions decrease in size with increase 
in hardness of the material and the hardness numbers are dis- 
proportionately low. Unavoidable differences in the hardness 
of different st^l balls will affect the numerals obtained, par- 
ticularly in the higher regions. On this account the higher 
portions of the curves are shown dotted. 
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Rockwell Bfexdness Tester. Another static hardness tester is 
the Rockwell machine. Fig. 110, largely used in America. A 
steel ball iV diameter or a 120° diamond cone with a rounded 
point is used, and the depth of the indentation is automatically 
recorded on a dial. The load is applied by the hand screw seen 
in the figure. To obviate errors caused by the spring of the 
macliine a load of 10 kg. is first apphed and the clock indicator 



Fig. 110 . Rockwell BLakdness Tester 
{(xe&rge H. Alexander Ltd.) 

set to zero. The load is then increased to 100 kg. in the ease of 
the ball and to 150 kg, in the case of the diamond. The load 
is then taken off except for the initial 10 kg. and the hardness 
numeral read off from the dial. Two scales are employed; 
one, the '"C” scale, for the diamond and the other, the “B'' 
scale, for the steel ball. 

In Fig. Ill curves are given for the approximate conversion 
of Rockwell’s “B” scale to BrineU hardness numbers. The 
machine is rapid in action and articles may be tested at the 
rate of 250 per hour. 

Sd^foscope. A dynamic hardness test is provided by 
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the Shore scleroscope in which a small pointed tup weighing 
about 0-0052 lb. is allowed to fall freely from a height of 10 in. 
on to the test piece. 

The height of rebound of the tup is measured against a scale 
graduated into 140 equal divisions. The result is dependent on 



O 40 80 fZO 160 200 240 280 800 

Brine// N2s. 


Fig. 111. Conversion to Standard Brinell Numbers of 
Rockwell B. Scales 

(a) Rockwell B senile in. ball and 60 kg. load. 

(b) Rockwell B scale in. ball and 100 kg. load. 

(Institution of Automobile Engineers) 

the permanent deformation produced in the test piece at the 
point of impact, the rebound being diminished on account of 
the work of deformation. 

As most materials are hardened by cold working it is impor- 
tant when making tests to see that the material is not struck 
twice in the same spot. 

Relations Between the Various Systems of Hardness Numbers. 

No precise relationship exists between scleroscope, Rockwell 
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square impressions, Fig. 113. This effect has been examined by 
O’Neill, who finds that the concavity is due to a raised extruded 
ridge formed along the faces of the pyramid, while convexity 
is due to a depression of the edge. Soft copper, soft iron and 
quenched steel show a shght apparent convexity, while drawn 
copper and rolled steel appear to give concave indentations. 
The effect introduces an error into the measurements whereby 


Concavity Convexity 

Fig. 113 . Hibge Effects in Diamond Impressions 

worked metals will give high results and very workable metals 
will give low results. 

Herbert Pendulum Hardness Tester. Another apparatus for 
making dynamical hardness tests is the pendulum hardness 
tester of Messrs. Edward G. Herbert Ltd. It consists, as its 
name implies, of a pendulum weighing 4 kg. supported on a 
ball 1 mm. diameter or on a 1 mm. ball-shaped diamond, the 
whole constituting a compound pendulum of mm. length. 
Immediately above the ball is a graduated weight mounted on 
a screw. By raising or lowering the weight the centre of gravity 
of the instrument may be brought to a predetermined distance 
below the centre of the ball. Above the weight is a curved spirit 
level and a scale reading to 100. The pendulum is shown 
mounted on an operatiog stand in Fig. 114. 

Six practical tests can be made with the instrument : 

(1) A Time Haedness Test. When the pendulum is allowed 
to rest on the specimen the ball makes an indentation the size 
of which depends on the hardness of the specimen. The pen- 
dulum is allowed to oscfllate through a small arc and the time 
of swing noted. The time of swing, measured by a stop watch, 
gives a measure of the hardness. 

Microscope readings are not needed. The method of testing 
e limin ates distortion of the ball which occurs when measure- 
ments of Brinell hardness above 600 are being made, and the 
use of a ball-shaped diamond enables tests on steels of 1 000 
Brinell hardness to be made. 
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TABLE VIII 

Typical Hardness Numbers 


Using a 1 mm. steel ball 


Glass ...... 

100 

Very hard carbon steel 

75 

Hard carbon steel . . . . 

65 

Heat-treated h.s. steel 

52 

Annealed h.s. steel .... 

26 

Mild steel ..... 

20 

Rolled brass ..... 

15 

Cast brass (soft) .... 

11 

Lead ...... 

3 



The approximate Brinell hardness may be obtained by 
multiplying diamond time hardness by 13*5 and steel ball 

time hardness by 10. 

(2) Time -W o BK- 
Hardening Tests. 
Metals in service be- 
come work-hardened 
in varying degrees, and 
a knowledge of their 
work-hardening pro- 
perties is of impor- 
tance ; as for example 
in metals for deep 
drawing or pressing, 
free cutting steels, and 
rail, tyre and gear 
steels, in which work- 
hardening increases 
their resistance to 
wear. 

To make the time- 
work-hardening test 
the time-hardness test 
(1) is first made and 
the specimen is then 
work -hardened by 
rolling it with the 
pendulum. A second 
time-hardening test is then made. The processes are repeated 
alternately and continued until the hardness reaches a maxi- 
mum (the maximum induced hardness”) and then declines. 


Fig. 114- Herbert Pendulum Hardness 
Tester 

(Bdimrd G. Herbert Ltd.) 
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Some representative results are given below. 

TABLE IX 

Time-Wobk-Habdening Tests 


Material 

Original 

Time 

Hard- 

ness 

Passes of Ball 

0 

2 

4 

6 

8 

10 

12 

Hard tool steel 

71 

89 

88 

86 




Manganese steel 

21 

45*5 

52-4 

54 

56*2 

57*2 

44*6 

Mild steel 

21 

30 

30*8 

30*9 

31-2 

32-3 

31-6 

Stainless steel 

18 

38*7 

41*9 

43*1 

43-1 

44 

43*8 

Loco, tyre steel 

28*6 

I 35 

36*2 

36 

— 

— 

1 

Deep drawing steel 

12 

19-4 

20*7 

20-6 





(3) Scale Test. If the pendulum be tilted and placed on a 
specimen with the bubble at 0 on the scale it will indent the 
specimen as before. When released it wiU swing and elongate 
the impression by rolling, the length of swing indicating the 
resistance of the materials to rolling. 

The readings obtained in this test generally place materials 
in the same order of hardness as the time test but the ''scale- 
hardness'’ numbers do not correspond with the time-hardness 
numbers. The scale test is very sensitive and is chiefly used 
in detecting changes in hardness, especially those caused by 
heating or working the metal. 

(4) Hot Harbxess Test. Specimens can be subjected to a 
time-hardness test with the specimen in an electric furnace, the 
temperature being measured by pyrometer. A ball-shaped 
diamond is necessary in this test as a steel ball would be 
affected by the high temperature. 

(5) TEMPERATUBE-WoRK-HAEDEisrmG Test. Work-harden- 
ing tests on unhardened metals have shown that these usually 
lose their work-hardening capacities at comparatively low 
temperatures and regain them at higher temperatures, although 
the indentation hardness remains nearly constant. 

A typical work-hardening curve of Vickers test bar steel 
is given in Tig. 115. Three peaks, P^, P^, P3 and three depres- 
sions Pi, P23 ^3 ^re frequently present, the principal depres- 
sion Pi occurriug at 120° to 140a. 0. in steels and below 100° C. 
in other metals. 
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{%) Scaue-Work-Harbening Test. If the scale test has 
been made as described in (3) and at the end of the first swing 
the pendulum is tilted to 100 and then released, the reading on 

the reversal will usually be 
higher, as the specimen has 
been work-hardened by the 
baU. If this is repeated from 
0 to 100 alternately, the suc- 
cession of readings obtained 
wiU show the progressive in- 
crease of hardness due to 
working. 

The work-hardening capa- 
city of a metal is measured 
by the average increase of 
TEMPERATURE CENTiGRAC^ scale hardness caused by 
Fig. 115. Work Hardenikg Curve trolling times with the 

Obtained with the Pendulum pendulum ball. 



Hardness Tester 
(Edmrd 0. Herbert Ltd.) 


Theory of the Pendulmn 
Hardness Tester. It has been 


suggested by E. G. Herbert that three simple types of hardness 
are involv^, namely, plastic indentation hardness (Brinell 


hardness) ; elastic indenta- 
tion hardness — ^a measure of 
which is given by the pendu- 
lum-time-test on highly elas- 
tic materials; sjidflow hard- 
ness as measured by the 
scale-time ratio. Dr. W. J. 
Walker, however, suggests 
that only two material pro- 
perties are involved, viscous 
or plastic hardness and elastic 
hysteresis hardness. 

Timoshenko has put for- 
ward the following simple 
theory of the instrument. 

Let e, Fig. 116, be the dis- 
tance of the c.g. {G) of the 
apparatus fi'om the centre 0 
of the ball, W the weight of 
the pendulum, I its moment 



Fig. 116. tLiiUSTRATiNQ Timo- 
shenko’s Theory of the 
Pendulum Hardness Tester 
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of inertia about an axis through 0 perpendicular to the plane 
of oscillation. 

Assuming e and to be small quantities the equation of 
motion when the apparatus is supported on a rigid plane sur- 

^ lid^ldt^) + eWe = 0 


from which the periodic time of one swing, that is, one half of a 


complete oscillation, is 
T = 7T^/(lfgeW). 

This result is assumed 
to apply in the case of an 
elastic plane surface as the 
distribution of pressure over 
the area of contact will be 
symmetrical about the ver- 
tical axis. 

When permanent set oc- 
curs, Fig. 117, the distri- 
bution of pressure is no 
longer symmetrical about 
the vertical axis OA. Timo- 
shenko assumes the length 
of the arm of the couple to 
vary as (e -j- where ^ is a 
constant depending on the 
permanent set, so that the 
time of one swing is now 



Fig. 117. IiiLUSTea-ting TmosHEiTKo’s 
Theoby of the Pendulum 


T = ^r^/[l/g{e + (5)W] 


Habdness Testee 


In a comparison of calculated and experimental results on 
glass and high-speed steel the latter formula gave consistent 
results. 

The first formula shows the time of oscillation to be inversely 
proportional to ^/e and thus independent of the hardness 
qualities of the material. For some comments on this theory 
and for some experimental results see The Engineer, 1923 
(6th April, 6th July, and 7th September). 



CHAPTER IX 

NOTCHED-BAR IMPACT TESTING 

Imi^U^ Tests. Static tests, although furnishing valuable in- 
formation, are nevertheless insufficient to bring out all the 
characteristias of a material that bear on service conditions. 
In a great many cases in practice the loading is not of a static 
character and hence arises the need for a study of the effects 
produced by d3mamie loading. 

Of several forms of dynamic test one which has come into 
prominence in recent years is the notched-bar impact test in 
which a specimen in the form of a notched-bar is tested as a 
beam under the impact of a hammer or pendulum. 

The notch localizes the stress and determines the position of 
fracture. The test piece may be gripped at one end and tested 
in the form of a cantilever, or it may be supported at its ends 
and tested as a beam freely supported. 

Considerable divergence of opinion exists as to the meaning 
and value of the notched-bar test. Research shows that the 
test is more sensitive the sharper the notch, that the result does 
not depend ^atly on the type of machine used, and that the 
results, within the limits of ordinary testing, are not unduly 
influenced by the striking velocity. 

The term ‘'impact test’’ is somewhat misleading as the result 
indicates not the resistance of the material to shock or impact, 
but rather differences of condition of the material which cannot 
be demonstrated by any other test. 

The chief value of the test hes in indicating whether or not 
the heat treatment of a steel has been carried out in a satis- 
factory manner. It is ^nerally conceded that the condition 
of a steel giving a high impact value is better than that of the 
same steel which gives a low impact value. Conclusive evidence 
on this point appears to be lacking, but the view is supported by 
the results of experience. 

The notched-bar test figures prominently in Air Board Specifi- 
cations and among the reasons given for its inclusion are — 

(a) That it is the test which gives most information as to 
whether the heat treatment of a steel is satisfactory or 
otherwise. 
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(b) That if the steel has been heat treated to the best 
advantage the impact value will be relatively high, but if the 
heat treatment has not been satisfactorily carried out the 
impact value will be relatively low. 

The impact value, however, must not be judged by itself but 
must be considered after taking account of the type of steel upon 
which the result was obtained. 

Of machines for making impact tests the best known are the 




Fig. 118 . Chaupy Impact Testing Machine 
( a) Principle of machine, {b) Setting of test piece. 


Fremont, Charpy, Izod, and Guillery, the last being a rotary- 
disc machine. 

Particulars of these are given in the following table. 

The Charpy Machine. The Principle of the Charpy machine is 
illustrated in Fig. 118 (a). The hammer or pendulum H swings 
on ball bearings and is in the form of a disc provided with a 
vertical knife K. The specimen being simply supported as 
shown at (6), Fig. 118, the pendulum is raised to the position 
indicated by the dotted lines, by means of a worm gear, when 
it is released and allowed to fall and fracture the test piece. 

In its upward swing the pendulum carries the pointer P 
over the semi-circular scale 8, graduated in degrees. Correspond- 
ing to the angle through which the pointer is carried, the energy 
absorbed in breaking the specimen is read from a table. 

The tapped hole at the back of the disc is intended to receive 
specimens for tension-impact tests; a special attachment is 
provided for the purpose. This test is not standardized and 
very little appears to have been published concerning it. 

II — (T.48) 
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The striking velocity of the small Charpy machine is 5*28 
metres per sec., i.e. 17 ft. 4 in. per sec. 

The Izod Machine. The Izod machine is similar in principle, 
but the specimen is tested as a cantilever. The knife of the 
hammer is horizontal and strikes the specimen at a point 22 mm. 
above the plane of fixing (Fig. 119). The test piece is gripped by 
a vice and a gauge is provided to aid in setting it correctly in 
position. The energy absorbed in fracture is read off directly 
from a scale. The striking velocity is 1T4 
ft. per sec. 

The 30 kg.-m. Charpy and the Izod 120 
ft. -lb. machines both take a specimen 10 X 10 
mm. in section. The Charpy machine is used 
on the Continent. Some experimenters pre- 
fer this machine on account of the test 
piece not being stressed in the region of 
the notch by the grip of a vice. However, 
the Izod machine is the one adopted in 
this coimtry for standard tests and both 
machines give comparable results below 
about 60 ft. -lb. 

The Amsler Machine. A machine de- 
signed for making both Izod and Charpy Fig. U9. Method 
tests is made by Messrs. Amsler of Schaff- « Obippihg 
house. Ihe upward swmg ot the hammer m Izod Machine 
causes a cursor to travel over a vertical scale 
which indicates directly the energy absorbed in fracturing the 
test piece. 

A rope having one end attached to the hammer and the other 
end wrapped round a spindle on which it can slip under the 
action of a weight prevents the hammer firom falling back after 
its upward swing. The brake is so arranged that it has no 
effect on the upward swing of the pendulum. 

In making a test the hammer is raised until it engages with 
a hook on the suspension frame. The hook is disengaged by 
hand when it is di^ired to release the ha mm er. 

The striking edge of the hammer is fixed at the centre of 
percussion so that there is practically no vibration of the 
pendulum when the bar is struck and no energy absorbed 
by it. 

The striking edge has an included angle of 45"^ and is rounded 
to a radius of 3 mm. 
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Then 

Initial energy = WR( 1 — cos a) 

Final energy = WR(1 — cos y3) 

Friction loss on downward swing = (WR/2)(co3 ^ — cos a) 
Friction loss on upward swing = (WR/2)(cos ^ ~ cos 6) 

The energy in pendulum just before impact 

= WR(1 ~ cos a) — (WR/2)(cos — cos a) 

= (WR/2)(2 — cos a — cos <f>) 

The energy in pendulum just after fracture 

= WR(1 - cos/9) + (WR/2)(cos^- cos 6) 

= (WR/2)(2— cos /9— cos 6) 

If ft) is the angular velocity after fracture the kinetic energy 
of the pendulum = WK^a>y2g = Wyy2g 

and ~ (W^) (2 — cos /9 — cos 6) 

Assuming the test piece to move with the velocity V, its 
kinetic energy is 

vN^j'lg ~ (^ftR/2)(2 — cos /9 — cos 6) 

Hence, energy absorbed in fracture 

= (WR/2)(2 — cos a — cos (j>) — (WR/2)(2 ~ cos /9 — cos d) 
— (^^;R/2)(2 — cos P — cos 0) 

= (WR/2)(cos /9 + cos 6 — cos a — cos (f>) 

— (tftR/2)(2 — cos ^ — cos 6) 

With no friction this becomes 

WR(cos ^ — cos a) — 2 ftR(l — cos /3) 
and neglecting the kinetic energy of the test piece, 

WR(cos ^ — cos a) 

In practice a table of impact values is used which gives the 
energy absorbed corresponding to any angle of rise /9, or a 
specially calibrated scale is provided. 

If it is desired to calibrate the machine this may be done 
by releasing the pendulum from an angle of inclination <^ < a 
and noting the angle of ascent /9i. The pendulum is allowed to 
make another forward swing freely and the angle of ascent ^2 
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again noted. The mean energy absorbed in an upward swing 
is (WR/4)(eos — cos /?j) and represents the friction loss for an 
angle of ascent -f ^ 2 )/-* 

A repetition of the process enables a curve to be plotted to 
give the friction loss for any angle of rise. 

Another method is to measure the angle of inclination d 
of the pendulum before release by means of a protractor of the 
Starrett or similar t 3 rpe and to note the corresponding angle of 
rise y?. 

The loss by friction for the upward swing is then 
(WR/2)(oos yS — cos 6) 

As in actual testing the angle a is constant, the friction loss 
on the downward swing will be constant and can be determined 
by the method already described. To determine the constants 
of the pendulum accurately necessitate the dismantling of the 
machine, but the product WR of the above formula may be 
checked by supporting the pendulum in a horizontal position 
by a spring balance attached to the hammer. 

The (Juillery Machine. The Guillery machine consists of a 
totally enclosed steel flywheel rotated by hand. The speed of 
rotation is indicated by the height of a coloured liquid in a 
vertical glass tube. When the d^ired speed has been obtained, 
indicated by the liquid tachometer as corresponding to a rim 
speed of 29 ft. per sec,, a sliding knife in the rim of the wheel is 
released. The knife strikes and fractures the test piece which is 
held in a die at the side of the machine. The speed of the wheel 
falls by an amount depending on the energy absorbed in frac- 
turing the test piece, and this is indicated by a fall in the level 
of the liquid in the tube. The tube is calibrated so that the 
amount of energy can be read off directly. 

Influence of the Shape of the Notch. Doubt has been thrown 
on the impact test as being incapable of giving consistent 
results, but it has been established that variations in results 
are due, not to the mode of testing, but to the lack of homo- 
geneity in the material tested. 

Tests by M. Charpy showed that by taking especial care in 
the heat treatment to ensure homogeneity of structure, it is 
po^ible to obtain a degree of uniformity in the results of 
notched-bar tests which is higher than m any other mechanical 
t^t to which the material can be subjected. 

The efficacy of the notch in distinguishing the effect of heat 
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treatment is shown by an example given by Sir Robert Had- 
field. 

A steel of composition 

C Si Mn S P 

0*12 0*02 0*28 0*02 0*02 per cent 

after quenching and tempering possessed the following mech- 
anical properties — 

Elastic limit . .16 tons per in.® 

Tenacity . . .28 tons per in.® 

Elongation . . 35 per cent 

Reduction of area . 65 per cent 

Under the Fremont test the specimen bent double cold. 



o Af! d intensions a 

//7 mm 

Fig. 121. Types of Notch 


Portions of the same steel were heated to about 1 200° C. 
and allowed to cool slowly. 

The results then obtained were 

Elastic limit . . 9 tons per in.® 

Tenacity . , .22 tons per in.® 

Elongation . . 46 per cent 

Reduction of area . 64 per cent 

Under the impact test this steel was found to be extremely 
brittle ; it snapped almost like cast iron and did not bend 1°. 

So far as the notch itself is concerned, any form can be used 
independently of the type of machine, though not necessarily 
with advantage. 

The standard V-notch 2 mm. deep and 0*25 mm. radius at the 
root is more economically produced than the Charpy standard 
having a 1|- mm. drilled hole, and can be easily formed by a 
suitable milling cutter. Several forms of notch are shown in 
Fig. 121, namely (1) Izod, (2) Charpy, (3) Mesnager and (4) 
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Fremont . The .standard notch adopted by the British Standards 
Institution is the Izod 2 mm. deep, 45° included angle with a 
root radius of 0-25 mm. The standard Izod specimen is shown 
in Fig. 122. The figme also shows a round form with a straight 
notch. A curved notch is also used (B.S.S. FTo. 131). As it is 
customary to make at least three tests on a sample, the Izod 
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Fig. 122 . Standard Izod Test Pieces 


test piece is often provided with three notches arranged so that 
tests can he made in different directions relative to the cross- 
section. 

Messrs. Greaves and Moore state that considerable rounding 
of the notch, as in the Mesnager form, seriously reduces its 
capacity for distinguishing between tough and brittle material. 

According to Petrenko, Bureau of Standards Technological 
Paper No. 289, the Izod and Mesnager notches are about 
equally efficient, while the Charpy form shows less difference 
in the notched-bar characteristics of materials. The Charpy 
notch gives larger values than the Izod for brittle materials 
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owing to the larger root radinSj but for tough materials it gives 
smaller values owing to the reduced thickness of specimen. The 
Izod notch is stated to be preferable for brittle materials. 

A point of supreme importance in notched-bar testing is the 
relation between test results obtained for the same materials 
on different machines. Unfortunately, in the present state of 
knowledge, no general relation can be given which will cover all 



0 2 4- 6 S 10 12 J4 

Kg^m absorbed /n Guillery Machine 


Fig. 125 . Conversion Cueve 
Guillery and Izod tests. 
{Greaves) 


classes of material. However, over a limited range simple 
relationships hold and particulars of such as are available are 
given below. 

Tests by Philpot, Fig. 123, show that with a standard 10x10 
mm., 45° notch, 2 mm. deep and 0*25 mm. root radius, Charpy 
and Izod machines give similar results. Above 70 ft.-lb., the 
values from the Charpy machine tend to be much higher. For 
instance, with mild steel giving 140 ffc.-lb, Charpy the difference 
amounts to about 40 ft.-lb. 

The curve in Fig. 124 shows the relation between the Fremont 
and Izod tests. Up to 60 ft.-lb. Izod the relation is 

Fremont = 2 x Izod 

The curve m Fig. 125 shows the relation between the Mes- 
nager form tested in the Guillery machine and the standard 
Izod form in the 120 ft.-lb. Izod machine. 
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Betw^een 16 and 60 ft. -lb. Izod the relation is 


Guillery = 0-17 Izod (ft.-lb.) + 1 
for steels of the following types — 


Percentage Composition 

Yield 
Point 
Tons 
per in.* 

Max. 
Load 
Tons 
per in.* 

C 

Si 

Mn 

s 

P 

Ni 

Cr 

0'3 to 0-4 

0-15 

0-65 

0-04 

0-04 


— 

19 to 24 

34 to 44 

0-3 to 0-4 

0-15 

0-6 

1 ^ 

0-04 

004 

3-5 

— 

27 to 36 

42 to 55 

0-3 to 0-4 

0-15 

t 1 

: 0-4 

0-04 

0-04 

3-5 i 

0-6 

30 to 40 I 

42 to 52 


Tests in an Izod machine using steels of the type — 


— — — i 

Percentage Composition 

Yield 
Point 
Tons 
per in.* 

Max. 
Load 
Tons 
per in.* 

C 

Si 

Mn 

S 

P 

Ni 

Cr 

0-35 

0-15 

0-4 

0-03 

0-03 

3-5 

0-8 

over 40 

55 to 60 


give Izod (Manager milled notch) = Izod (Standard) + 14-3. 

Over 55 ft.-lb. the constant is 8-5. 

The above relations are deduced from tests by Greaves and 
Moore. 

For aircraft steels, tests by Philpot show that with the Izod 
machine. 

Charpy (Mesnager) = Standard -f- 12 ft.-lb. 

Charpy standard (f mm. radius notch) = Standard -f 7 ft.-lb. 

Impact values for some representative steels are given in 
Table XXH. 

ATn.<tier Universal Hammer Machine. For making repeated 
impact tests Messrs. Amsler supply a universal hammer 
machine which can be used for making transverse bending, 
compression or tension tests. (Fig. 126.) The impact action 
is produ(^ by hammer blows of uniform strength, made in 
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rapid succession against the test piece until fracture or a 
predetermined deformation is reached. 

The machine consists of a frame in which is mounted a 



Jb xGr. J.av 5. ji\. ]vrsi ^ER Oyriv jsb s aT j 

{Alfred J. AmMer <& Co.) 


vertically reciprocating hammer having at its lower end a cylin- 
drical steel block for striking the test piece in the compression 
and bending tests, and at the upper end the arrangement for 
striking the tensile specimen. The reciprocating motion of the 
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while the one that is moving upwards will be about to engage 
with it. Due, however, to the elasticity of the material under 
test the hammer rebounds after the blow with an upward 
velocity nearly the same as that at the instant of striking, and 
as a result the upward moving crank-pin meets the crosshead 
at a very moderate relative speed. Should it fail to do so, for 
any reason whatever, the el^tic coupling in the flywheel is 
brought into action and prevents damage. 

When a test bar breaks, the hammer continues its downward 
movement until it disengages the trip mechanism. 

The kinetic energy of the blow can be calculated from the 
expression wv^/2g. 

Tor bending impact tests a round bar jfrom 12 mm. in.) 
to 16 mm. (f in.) and 12 cm., say 4| in. long is used. The test 
bar is placed on two rests, the ed^ of which are 10 cm. 
(3-^ in.) apart, and it is held down against the rests by two light 
springs. End stops are provided to prevent lateral movement 
and the rests can be adjusted to suit the thickness of the test 
bar. 

Whilst the test bar is being struck, it either rotates about its 
axis at constant speed so that the blows are uniformly dis- 
tributed over its circumference, or it is turned through 180° 
after each blow. It is then struck on opposite sides alternatively 
and bent to and fro until it breaks. 

Tor compression impact tests the specimen, which should have 
plane end surfaces and a length of about 2| in., stands upright 
on a block and rests against a vertical support to which it is 
lightly held by a spring. 

Tor tensile impact tests round bars with threaded ends are 
generally used. One end of the bar is passed through an eye at 
the top of the machine frame and the other end through the 
upper part of the hammer. Hardened steel nuts are screwed on 
to both ends of the test bar in such a manner that the bar is sus- 
pended by its upper end from the machine frame while the nut 
at the lower end is in a position to be struck by the hammer in 
its descent. 

To prevent breakage inside the grips it is necessary to reduce 
the section of the bar between the threaded ends. Tensile test 
pieces are 11 cm. (4^ in.) long and the ends provided with a 
f in. gas thread. The Jfree length between the grips is about 3 in. 

The machine is rather noisy in action and this fact should be 
considered when choosing a site for its installation. 
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Bepealed Impact Tests. The results of some tests ’with the 
Amsier Repeated Impact Machine are given below, by kind 
permission of Messrs. High Duty Alloys, Ltd. 


1st Series, 

Energy of blow . 

. 

. M6ft.4b. 


Number of blows per minute 

. 620 

Test 

R.R.56 

: “Y” Alloy 

Duralumin 

1 

4 770 

170 

160 

2 

6 320 

210 

150 

3 

6 335 

200 

150 

4 

5 000 

210 

145 

5 

4 510 

165 

150 

6 

6 820 

165 

150 

Average 

5 626 

1 187 

151 

2nd Series. 

Energy of blow . 


0-517 ft.-lb. 


Number of blows per minute 

620 

Test 

R.R.56 

“Y” Alloy 

1 Duralumin 

1 

103 770 

53 030 

34 440 

2 

98 000 

70 050 

39 820 

a 

100 500 

65 850 

39 420 

4 

I 107 000 

52 500 

32 450 

5 

1 105 360 

58 500 

41 760 

6 

1 90 150 

— 

— 

Average | 

100 832 

50 038 

37 587 

3rd Series. 

Energy of blow . 


0-351 ft.-lb. 


Number of blows per minute 

340 

Test 

R.R.56 

“Y” Alloy 

Duralumin 

1 

326 100 

113 180 

99 450 

2 

230 390 

69 980 

67 580 

3 

370 920 

159 920 

90 440 

4 

207 100 

148 520 

115 100 

5 ! 

197 970 

107 870 

72 000 

6 

! 

324 820 

105 780 

64 870 

Average 

276 218 

117 541 

84 906 
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4th Series. 

Energy of blow . . . . . 

Number of blows per minute 

0-156 ft.-lb. 

340 

T^t 

R.R.5e 

“Y” Alloy 

Duralumin 

1 

1 000 000 

255 460 

226 430 

2 

1 000 000 

255 940 

333 970 

3 

1 000 000 

478 300 

195 620 

4 

1 000 000 

148 470 

247 530 

5 

1 923 000 

619 150 

224 280 

6 

All above 
imbroken 

361 840 

248 440 

Average 

1 

i 

353 276 ^ 

1 

246 045 


12— (T.48) 



CHAPTER X 
REPEATED j^TBESSES 

Fatigue of Metals. The extensive seri^ of tests carried out 
by Wohler between the years 1800-1870 on the effect of 
repeated stresses on materials showed clearly that a completely 
reversed stress much lower than the ultimate strength of the 
material, or lower even than the yield point as determined by 
the tensile test, could cause fracture of a steel specimen if 
only the apphcation of stress was repeated a suflS.cient number 
of times. On the other hand, below a certain maxi m um value 
of the stress Wohler showed that the number of repetitions of 
stress might be indefinitely large without causing rupture. 

The phenomenon of fracture under repeated stressing is 
termed faiigue. 

Formerly, it was held that under repeated stress a metal 
developed a crystalline structure, but later metallographic 
research has shown that metals are themselves built up of 
crystalline grains and that, therefore, crystallization of the 
material is not a consequence of repeated stressing. (See 
Chapter II.) 

The impression that crystallization was produced in a metal 
by the action of repeated stresses arose largely from the brittle 
appearance of such fractures, and from the fact that many of 
these exhibited a coarse crystalline structure. This appearance 
may have been due to the heat treatment received by the 
material during the proc^ of manufacture. 

A m ild steel specimen when tested in tension suffers con- 
siderable plastic flow prior to fracture and the surface of the 
ruptured section shows a silky, fibrous structure, owing to the 
crystals having stretched in the direction of the pull. A fatigue 
crack, however, has an entirely different appearance. Owing to 
a local defect, or to the action of fatigue in causing hair cracks 
to form in the material, the concentration of stress at the end 
of the crack under the stressing action causes the crack to spread 
progre^ively until the cross section becomes so reduced that the 
rema ining portion fractures suddenly under the load imposed. 

In general, fatigue failures of ductile materials show two 
distinct zones ; one exhibiting a characteristic brittle appearance 
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— ^the fatigue fracture proper ; the other exhibiting a more or 
less ductile fracture somewhat similar to that shown under a 
tension test. The difference between the two zones is not, as 
a rule, so apparent in the more brittle materials. Fatigue 





Fig. 127 . Fatigue Fracture oe Mild Steel Test Piece 
{Bruntons (Musselburgh) Ltd.) 

fractures are sometimes discoloured by chemical action. Fig. 127 
shows a fatigue fracture of a mild steel test piece. 

The shape of the zones appears to depend on circumstances 
attendant on the material and the mode of stressing. Professor 
Bacon has classified the fatigue fractures met in practice as 
follows (see Fig. 128) — 

(а) Concentric. {d) Double sided, concave. 

(б) Eccentric. (e) Single sided, concave. 

(c) Double sided, convex. (/) Single sided, convex. 
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In the diagrams the white portions represent the fatigue 
zones and the black portions the ruptured core. 

(a> (b) (c> 



(d) (e) (f) 


Fig. 128. Illustrating Types of Fatigue Fracture 



In some cases many fatigue zones are apparent. The arcs 
separating the respective zones are generally elliptical in shape. 

The diagram in Fig. 129 re- 

^ - 'I * presents a Hypothetical Crack 

U Progress Chart, which consists 





Fig. 129. Hypothetical Chart 
Showing Progress of a 
Fatigue Crack 


of a system of elliptic arcs 
starting from a small semi- 
circle centred at the origin of 
the crack at A and eventually 
straightening out into a dia- 
meter tilted back through 15° 
to the direction of rotation. 
Later work indicates that 
high stresses produce con- 
centric fractures while low 
stresses produce eccentric 
fractures. 

In rotating bar test pieces 
the maximum stress occurs 
at the outer fibres, and the 


fatigue crack usually starts 
at the periphery and spreads towards the centre. When there 
is concentration of stress due to fillets or holes, the crack 



REPEATED STRESSES 171 

usually starts at the most highly stressed portion and spreads 
from this point. 

Work of Bau^hinger and Bairstow. One of the first inves- 
tigators of cycles of stress was Bauschinger, a contemporary of 
Wohler. He loaded and unloaded specimens slowly and deter- 
mined the stress-strain relation under these conditions by 
using a very sensitive extensometer. He showed from his tests 
that the proportional limits in tension and compression are not 
fixed points for a given 
material and that they 
may be displaced by sub- 
mitting a specimen to 
cycles of stress. 

To explain why the 
endurance limit for steel 
under reversed stress was 
lower than the limit of 
propoAionality obtained 
in the static test, Bausch- 
inger advanced the 
theory that the material 
as received from the 
manufacturer might have 
its proportional limits in tension and compression raised by 
cold work, and that the true or natural proportional limits are 
those which are established after submitting the material to 
cycles of stress. These natural proportional limits are supposed 
to define the safe range of stress in fatigue tests. 

The work of Bauschinger was extended by Bairstow, who 
used a slow loading and unloading machine (2 cycles per 
minute) with a mirror extensometer, and obtained the stress- 
strain relations for cycles with various ranges of stress. Some of 
Bairstow’s results are shown in Fig. 130. The material was axle 
steel possessing a yield point of 50 000 lb. per in.^ and an 
ultimate strength of 84 000 lb. per in.^ The cycle consisted of 
equal reversed stresses. The line A represents the initial ten- 
sion — compression test with the range 31 400 lb. per in.^, within 
these limits the straight fine relationship holds. 

The specimen was next subjected to cycles of reversed stress 
of 31 400 lb. per in.^ when it was found that the straight line 
developed into a loop. Curve B shows the loop obtained 
after 18 750 cycles. It will be noted that in this ease the initial 



Extens/on 

Fig. 130 . Hystebesis Loops Obtained 
Under CYCJUOAii Stress 
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proportional limits are higher than the so-caUed ''natural” 
Umits obtained after many cycles of reversed stress, and that a 
cyclical permanent set of width (xa was produced. The remain- 
ing loops were obtained after a number of cycles of reversed 
stress equal to 33 oOO, 37 500 and 47 000 lb. per in.^ respec- 
tively, sufScient apparently to stabilize the size of the loops. 

When the vidth of these loops was plotted against the corre- 
sponding maximum stress Bairstow found that the results of 
these experiments gave approximately a straight line. The 
intersection of this line with the stress axis determines the 
range of stress at which there is no looping effect. 

The range of stress so deJfined was assumed to be the safe 
range of stress and subsequent endurance tests have tended to 
verify this assumption. 

Mechanism of Fracture. The first attempt to explain the 
mechanism of fracture in endurance tests was made by Ewing 
and Humfrey. They used a rotating specimen of Swedish iron 
with a polished surface and examined this surface micro- 
scopically after applying cycles of reversed stress. They found 
that if stresses above a certain limit were applied, slip bands 
appeared on the surface of some of the crystals after a number 
of cycles. The number of sHp bands increased as the cycles 
were repeated and some of the previous slip bands seemed to 
broaden out. This broadening process continued until a crack 
occurred, the crack following the marking of the broadened 
slip bands. They found that a reversed stress of 11 800 lb. per 
in.2 could be applied millions of times without producing any 
slip bands. On the basis of their investigations they advanced 
the theory that cycles of stress which are above the safe range 
produce sUp banci in the individual crystals. If the application 
of stress cycles is contined, sliding along the surfaces takes 
place accompanied by friction. According to the theory, as a 
result of this friction the material gradually wears along the 
surface of sliding and a crack results. Further investigation 
showed that slip bands occurred at stresses much lower than 
the endurance hmit of the material. They may develop and 
broaden without leading to the formation of a crack. The 
appearance of slip bands cannot therefore be taken as a 
criterion for determining the endurance limit. 

A vast amount of data concerning strength in fatigue has 
been accumulated in recent years, but up to the present no 
theory has been ^tabhshed which is wholly satisfactory to 
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engineers in its explanation of the cause and mechanism of 
fatigue failure. 

Stress Cycles. Fatigue Limit. The type of stressing producing 
fatigue fractures may be tension and compression, bending, 
shear, torsion or a combination of these. The cycle of stress 
need not consist of reversed tension and compression stresses 
of equal magnitudes. For example, the cycle may vary from a 
stress of 5 tons per in.^ in tension to 10 tons per in.^ in compres- 
sion, or the stress may be wholly tensile but of variable mag- 
nitude ; or, again, the stress may 
vary in torsion from a given value 
to a different value in the opposite 
direction. 

Frequently, both in practice and 
under test conditions, the magni- 
tude of the stress when plotted on 
a time base gives a sine curve. 

Even if this is not the case the 
stress variation occurs in cycles 
and it is customary to refer to the 
repeated variation as a stress-cycle. 

The stress throughout the cycle may be regarded as made up 
of a mean steady stress S and an alternating stress A. The 
diagram, Fig. 131, illustrates a simple harmonic stress cycle 
composed of a steady stress S = 4 tons per in.^ combined with 
an alternating stress A = 5 tons per in.^, giving 9 tons per in.^ 
in tension and 1 ton per in.^ in compression. If R be the 
algebraical difference between the maximum and minimum 
values of the stress then R is termed the range of stress. The 
limiting values of the stress are thus S + A and S — A. 

The range of stress within which an indefinitely large number 
of repetitions of stress will not cause fracture is called the 
fatigue raTige. The futigm limit is the greatest stress that can 
be applied in a given stress cycle without eventually causing 
fracture. 

The endurance is the number of cycles required to cause 
fracture when the range of stress is maintained invariable 
throughout the test. The fatigue limit is by some authorities 
referred to as the endurance limit. 

The value of the fatigue limit appears to be independent of 
the speed or frequency, at least up to a few thousands of cycles 
per minute. Excessively high frequencies may tend to cause 





Fig. 131. Simple Harmonic 
Stress Cvclb 
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For example, if L = 2 in., ~ in. ; r = | in., then x = 
0*0163 in. less than 1 per cent of the nominal length. If 
L = 4 in. ; d = \ h\.\ r — | in. : then x = 0*0078 in., which is 
less than 0*2 per cent of the nominal length. 

The smaller the radius of the fillet the more nearly will the 
section at which the stress is a maximum coincide with the 
section of the junction, but this is attended with some dis- 
advantage owing to stress concentration causing the value of 
the fatigue limit to be different from that calculated from the 
ordinary formula for bending. For comparative purposes it 
may be of less moment ; in fact, one investigator at least has 
used a fillet radius of one-tenth diameter of the test piece. 

The effect of the radius of the fillet has been investigated 
experimentally, and some results for carbon steel are given in 
the following tables — 

TABLE XI 

Effect of Radius of Fillet on Fatigue Peopebties of 
0*49 PEE CENT Caebon Steel Specimens 

(Moore) 


Radius of 
Fillet 

Minimum 
Diameter of 
Specimen 

Ratio 

1 

Fatigue 

Limit 

Reduction 
in Fatigue 
Limit 

r in. 

d in. 

rjd 

lb. per in.^ 

% 

9*85 i 

1 1 

r 

36 

49 000 


1-QO 

0*275 

> 0*275 < 

1 

1 

3*5 

1 

47 500 

44 500 

3 

9 

0-00 

J 1 

L 

0 

24 000 

51 


TABLE XII 

Effect of Radius of Fillet on Fatigue Peopebties 
OF O'SS PEE cent Caebon Steel Specimens 


(Timoshenko and Lessels) 


Radius of 
Fillet 

r in. 

Minimum 
Diameter of 
Specimen 

d in. 

Ratio 

rjd 

Fatigue 

Limit 

lb. per in.® 

Reduction 
in Fatigue 
Limit 

% 

Standard 

Form 



32 000 


0*15 

0*6 parallel 

1/4 

29 900 

6*5 

0*05 

0*6 parallel 

1/12 

21 000 

34 
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These results show the influence of change of section on the 
value of the fatigue limit as experimentally determmed, par- 
ticularly when the ratio rjd falls below unity. The is 

important in relation to any proposed standardozation of the 

Wohler test piece. ^ -i .• r j. 

A method of securing a more uniform distribution of stress 

along the test piece is to employ the tapered form of Fig. 133. 



Fig. 133 . WoHiiEB Test Piece 
T apered form. 


The taper is 0*5 in. per ft. and the variation of fibre stress over 
the length ab is only about 1 per cent. The variation of stress 
is shown in the graph in the same figure. 

Specimens are sometimes made hollow at the shank end. The 
method is expensive as the bore needs to be finished smooth. 

Another objection urged against the Wohler test piece with 
single point loading (that is, with the test piece loaded as a 
cantilever) is that in addition to the bending stress there is also 
a direct shear on the section. This objection is overcome by the 
use of four-point loading in which the specimen is supported 
at the ends and loaded at two points equidistant from the sup- 
ports. Fig. 134. This method of loading gives a constant 
bending moment over the gauge length with no direct shear on 
the section. A larger amount of material is required with this 
form of specimen unless the holders are designed to accom- 
modate a short test piece. A modification of the foregoing is to 
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use the Wdhler test piece with two-point loading, Fig. 135. 
The downward load is applied by a dead- weight and an equal 
and opposite load is applied by means of a small single-lever 
testing machine. The bending moment w X I is constant over 



^ JV W W 

Fig. 134. Sondebickeb, Test Piece 
F our-point loa4ing. 


the test portion. In any case the amount of direct shear is very 
small. A tV diameter specimen 2 in. long carrying a single 
load of 401b. at its free end is stressed in bending to about 
12 tons per in.^, whilst the mean shear stress over the section 
is only 500 lb. per in.^, which is less than 2 per cent of the 
bending stress. 

The degree of finish given to specimens is also of importance. 
Kommers found that test pieces of ordinary mild steel finished 



Fig. 135. Wohler Test Piece 
T wo-point loading. 


by hand filing, had a 33 per cent longer life than when merely 
turned, and that this increase amounts to about 48 per cent 
when specimens are polished. 

The oft-quoted results of Professor H. Norman Thomas are 
further con&mation of this. Gelatine casts were taken from 
a number of specimens of various degrees of surface finish. 
The casts were sliced with a microtome and the depth of scratch 
and radius of curvature at the root measured by the aid of a 
projection apparatus. The results of fatigue tests on scratched 
and highly polished specimens were compared, and comparison 
was also made with deductions from mathematical theory. 
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TABLE XIII 

Effect of Stjeface Finish on the Endurance 
OF IVIuLD Steel 


Type of Finish 

Estimated Reduction in 
Endurance Limit 
/o 

Turned 

12 

Coarse file . 

18-20 

Bastard file 

14 

Smooth file 

n 

No. 3 emery 

6 

No. 1 emery 

4 

No. 0 emery 

2-3 

Fine carborundum 

2-3 

Fine ground 

4 

Accidental scratches 
(maximum found) 

16 


Endurance Curves. A typical endurance curve for carbon 
steel is given in Fig. 136 . The curve tends to show that at a 
suflSciently low stress the material would withstand an in- 



Fig. 136. Endurance Test on 0*83 per cent 
Carbon Steel 
{Moore) 

definite number of reversals. For some steels, however, and for 
non-ferrous materials the endurance curves approach the axis 
of abscissae very slowly, indicating that any varying load, 
however small, would ultimately cause fracture of the material. 
Fatigue tests in which there is a combination of the effects of 
stress and corrosion lead to a similar result. It should be re- 
marked, in passing, that failure of a metal under repeated 
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stre^ is rapidly accelerated when, in addition, corrosive influ- 
ences are at work. (See Fig. 170.) 

Alloy steels, especially those containing a high nickel content, 
often give no “curve,” but show an abrupt change in the region 
of the fatigue limit. 

Fig. 136 refers to some results obtained by Moore on a 0*83 
per cent carbon steel, some specimens of which remained un- 
broken after 100 miUion reversals of stress. It will be observed 
that in the neighbourhood of the fatigue limit a small change in 





the stress has considerable influence on the life of the material. 
The fatigue limit is about 13*4 tons per in.^ ; with an increase of 
3 per cent in the stress the specimens would have failed, prob- 
ably at one million reversals. 

Another method of plotting test results is to use logarithmic 
or semi-logarithmic co-ordinates. 

Fig. 137 is plotted from the results already given in Fig. 136; 
the logarithms of the stresses being plotted against the 
logarithms of the numbers of reversals. The abrupt change at 
the fatigue limit is particularly noticeable. 

The ratio of the fatigue limit to the ultimate strength in the 
case of steels varies from about 0*35 to about 0*65. 

Wohler Fatigue Toting Machiue. The general arrangement of 
a Wohler machine employing single-point loading is shown in 
Fig. 138. Two specimens can be tested at once and the machine 
can be arranged to accommodate specimens of 2 in. and 4 in. 
or other convenient test lengths. The drive is by electric motor 
at 2 000 r.p.m. A Veeder counter is provided for each spindle 




f la. 138. WoHLBB Testing Machine 
(Machinery) 
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and is driven through a 100 to 1 reduction gear. The load 
is applied by slacking back the hand nut seen in the end view. 

A spring or a strip of rubber may be inserted between the 
deadweight and the baUraoe at the end of the specimen to 
assist in damping out any vibration caused by running, though 
this is negligible if the specimen is set up accurately. For this 
purpose an Ames dial may be used. Dashpots are sometimes 



Fig. 139 . Machine Employing Fouk-point Loading 


employed in place of the damping springs. The counter is 
tripped when the test piece fractures. Some experimenters view 
a double ended machine with disfavour and prefer to work with 
a single spindle. 

Author’s Fatfeue Testing Machine. A machine employing 
four-point loading, designed by the Author, is shown in Fig. 139. 
The test specimen is carried between two spindles running in 
baU bearings mounted in housings pivoted on vertical supports, 
the drive being through a spring transmission jfrom a high speed 
motor. The tad spindle communicates its motion to a sub- 
stantial revolution counter. Both the motor and counter are 
cut out of action immediately fracture occurs. 
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A novel feature of the machine is the method of gripping 
the test piece. This is accomplished by means of special chucl^ 
which obviate the necessity for drilling and tapping the ends 
of the specimens ; a distinct advantage when a large number 
of specimens have to be tested, particularly if they should be 
of hard or tough material. 

Damping springs are provided between the loads and the 
supporting knife-edges. Provision is made for gradually apply- 
ing and releasing the loads. 

Specimens are 3 in. long and may vary from 0*2 to 0*3 in. 
diameter at their smallest section. Close limits in machining 
specimens to length are unnecessary as sufficient freedom of the 
housings is allowed to accommodate variations in the overall 
length of the specimens. 

The type of specimen adopted and the method of gripping it 
enables alignment to be obtained with no trouble on the part 
of the operator. Specimens may be parallel in the mid-portion 
of their length or turned so that the longitudinal profile is a 
curve of some 3 in. radixis as desired, 

A load of 60 lb. with a specimen 0*3 in. diameter will yield a 
stress of 30*3 tons per in.^, and with a specimen of 0*25 in. 
diameter will yield a stress of 51*3 tons per in.^ 

The normal sj^ed of operation is 3 000 r.p.m. 

The machine is now made by Messrs. Edward G. Herbert, 
Ltd. 

The H^gh Alternating Sfress Testu^ Machine. The alter- 
nating stress testing machine designed by Professor Haigh 
is made by Messrs. Bruntons Ltd., Musselburgh. Two sizes 
are made, one having a load range of 1|^ tons and the other a 
load range of 6 tons. The important advantage of this machine 
lies in the uniform distribution of stress across the full section 
and along a considerable length of the test piece, and in the possi- 
bility of appl^ng stress cycles of unequal plus and minus limits. 

The essential features of the machine are shown in Fig. 140. 
A pair of electromagnets and Mg are supplied with two- 
phase currents from a small alternator of special design. The 
forces generated by these magnets, pulling alternately on the 
faces of an armature A, are transmitted to the lower end of the 
test piece T, the upper end of which is gripped in a holder that 
forms part of the adjustable head H. The magnets and the 
adjusteble head are rigidly connected by four vertical columns 
that rise from the base of the machine. The vibrating armature 
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is guided by springs without the use of lubricated slides. The 
jfrequeney of reversal of stress is governed by the speed of the 
alternator, usually 1 000 r.p.m., and the frequency of stress 
reversals is double this, or 


2 000 cycles per min. 

Each electrical cycle pro- 
duces two mechanical cycles, 
i.e. pull — push — pull — push. 

An important feature of the 
machine is the set of compen- 
sating springs S that connect 
the vibrating crosshead below 
the magnets to the base of the 
machine. 

Although the majority of 
fatigue tests are performed 
with loads ranging between 
equal intensities of push and 
pull the ratio between the ex- 
tremes may be varied at will. 
This adjustment is effected 
by giving the flat springs S a 
suitable degree of initial load. 
The same springs serve the 
important purpose of compen- 
sating the force required to 
accelerate the armature and 
other vibrating parts. 



By means of sliding clamps 
the spring stiffness may be ad- 
justed to suit widely different 


Fig. 140 . Principle of the Haigh 
Alternating Stress Testing 
Machine 

(Machinery) 


frequencies of operation. 


The machine is stopped automatically when the test piece 


breaks. 


The stress meter, Fig. 141, is a soft iron alternating current 
instrument comprising two independent movements in a single 
case. The outer, long, uniformly divided scale is used for reading 
the range of stress applied to the machine. The inner short 
scale, graduated to read amperes, is arranged with a central 
zero for the purpose of balancing the currents in the two phases 
to ensure that the air gaps are equal on the upper and lower 
faces of the vibrating armature. 



(Carl Schenk i Darmstadt) 
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very suddenly and turns through an angle approaching 90.° 
In Fig. 154 curve 1 shows the total energy absorbed per unit 
volume per cycle as the stress is increased, while curve 2 
represents the energy absorbed by the test piece. 

The point A at which the curve begins to bend is referred to as 
the first characteristic point. The energy curve rises steeply 
after this point is passed and a tangent drawn to the curve to 
intersect the axis of abscissae yields the point B, the second 

< 9 , 
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Fig. 154. Illustrating Hysteresis-loss Method of Testing 

characteristic point, which for ferrous materials is assumed to 
indicate the fatigue hmit. 

The curve of temperature rise is similar to the energy absorp- 
tion curve. 

With non-ferrous materials the fatigue hmit falls near to the 
point A. 

Characteristic curves for steel and brass are given in Fig. 
155 {a) and {b). 

To use the method for short-time fatigue tests comparison 
should first be made with results obtained by the usual duration 
tests on material similar to that which it is proposed to test. 

Fatigue Tests by Torsional Oscillations. Another machine by 
Schenk, of Darmstadt, for making fatigue tests employs the 
method of torsional oscillations. It is shown diagrammatically 
in Fig. 156. The relation between the apphed torque and the 
angle of twist is indicated on a ground glass screen by an 
optical method. The test bar forms part of an oscillating system 
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consisting of a flywheel counterweight at one end and a smaller 
mass at the other. 

The torsional oscillations are effected through an electro - 




O S 10 15 20 2S 30 SS 

kg.per mm^ 

Brass. Mard drown 70% Cu;30^Zn. 

(b) 

Fig. 155 . Curves op Energy Loss and Temperature Rise 

magnetic exciting system. A beam of light from the lamp is 
projected successively on to two groups of mirrors and thence 
to the glass screen, where it appears as a point of light. The 
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position of the spot of light relative to the axes indicates the 
values of both torque and twist. During a cycle the point of 
light traverses a closed curve which, owing to the high fre- 
quency of the oscillations, appears as a stationary hysteresis 
loop. The loop which reduces to a straight line when little or 
no power is absorbed, becomes increasingly inflated as more and 
more power is absorbed by the test piece. The area of the loop 
is a measure of the energy absorbed per cycle. 



Fig, 156 . Schenk Fatigue Testing Machine Employing the 
Method of Torsional Oscillations 


Short-time Fatigue Tests. The chief objection to the adoption 
of the fatigue test in commercial testing is the length of time 
required to obtain an accurate determination of the fatigue 
limit. In view of this the search for a short time fatigue test has 
been prosecuted vigorously. Among the various tests that have 
been proposed are — 

{a) Tests based on inelastic action or on mechanical 
hysteresis. 

(6) Tests based on rise of temperature. 

(c) Tests based on deflection of the specimen. 

(d) Tests based on the energy absorbed per cycle. 

(e) Tests based on change of electrical resistance as fatigue 
cracks develop. 

The test described on p. 196 is intended to provide a short time 
method. 

G. N. Ehouse using an air turbine as a driving motor has con- 
structed a rotating bar machine to run at 30 000 r.p.m. Com- 
parison of tests on various steels, cast iron, brass and duralumin 
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with tests of the same materials on a machine of the ordinary 
type running at 1 500 r.p.m. shows that there is no appreciable 
speed effect up to 10 000 r.p.m. At 30 000 r.p.m. the fatigue 
Hmit is raised, in some instances, substantially. 

Recently, a test based on repetition of stress combined with 
tensile tests on the same specimens has been put forward by 
Moore and Wishart and termed the overnight test. Five or six 
test pieces are taken and the Rockwell hardness of each deter- 
mined. 

The specimens are then subjected to about 1 400 000 cycles 
of stress in a rotating bar machine so as to cover a range of 
values on both sides of the estimated fatigue limit. After 
testing in this way the specimens are removed from the machine 
and pulled in ordinary tension. If a specimen breaks before 
completing the standard number of cycl^ its tensile strength 
for the purpose of plotting is regarded as zero. 

The results of the tension tests are corrected to Rockwell 
hardness and the results plotted against the magnitude of the 
reversed stress. The resulting curve will, in general, show a 
maximum or greatest value of the reversed stress which is 
taken as giving the fatigue limit. 

The following results are taken from a test by Moore and 
Wishart — 


Magnitude of Be versed 
Stress Applied for 

1 400 000 cycles 
lb. per in.® 

Rockwell 

Hardness 

Xumber, 

B Scale 

As Tested 
lb. per in.® 

Tensile Strength after 

1 400 000 cycles reduced 
to Bockw'ell Hardness 
Scale of 60 
lb. per in.® 

26 000 

70-0 

61 500 

61 500 

28 000 

61-2 

62 400 

61 200 

30 000* 

60-0 

63 200 

63 200* 

31 000 

60-0 

62 000 

62 000 

32 000 

60-2 

62 000 

62 300 

33 000 

61-2 

Of 



* The fatigue limit is thus 30 000 lb. per in.® 

•f Specimen broke before completing 1 400 000 cycles. 

The results of other tests are shown in the graphs in Fig. 157. 

The theory on which the test is based is that under repeated 
stressing materials tend to increase in strength, due presumably 
to cold work, while on the other hand they suffer loss of strength 
through fatigue cracks or otherwise. The beneficial influence 
predominates below the fatigue limit and also to some extent 

14 — (T. 48 ) 
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Tenst/e Strength — woo’s of lb. per in? 



J08 J70 m 67 58 

L - Fatigue limit by iong-time test. 

S= " overnight test 

B- Stress at which specimen broke 
before completing 1400000 cycles. 

Fig. 157 . Results of Fatigue Tests by the “OvERiTiGHT” 

Method 

{Armrican Society for TeHing MaterinU) 
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above that limit, but here fatigue cracking leads to ultimate 
failure. 

Gough’s view is that there is no reason why any short-time 
test should be expected to prove reliable, and that a dividing 
line at the fatigue limit above and below which material behaves 
differently does not exist, and further, the variability in com- 
mercial material may be sufficient to mask effects brought out 
by such a test as that proposed above. 

The effect of combined bending and torsion on the fatigue 
properties of materials has also been studied. In this connection 
a recent paper {Proc. Inst. Mech. Eng., vol. 131, p. 3) giving 
the results of an investigation at the National Physical 
Laboratory should be consulted. 



CHAPTER XI 


ELASTIC CONSTANTS: TESTING OF WIRE AND 
SHEET METAL 

Modulus of Elasticity of Wires. The elastic constants of 
material in the form of wire and sheet metal are often 

conveniently determined by indirect 
methods. 

For the direct determination of 
Young’s modulus for a -wire, Searle’s 
apparatus is available. (Fig. 158.) 
Two wires A, B, eight to ten feet long, 
are suspended vertically from a beam 
and at their lower ends carry brass 
stirrups which support the ends of a 
sensitive spirit-level L, The level is 
supported by a pivot in one stirrup 
and by the point of a micrometer 
screw in the other. The wire carrying 
the pivoted end of the level is simply 
a suspension wire and is kept taut by 
a weight W attached to the stirrup. 
The other wire is the test wire. In 
commencing a test the level is first 
adjusted to the horizontal so that the 
bubble is at the centre of its run. A 
1 lb. weight is placed on the hanger 
carried by the test wire and by means 
of the micrometer screws the level is 
again brought to the horizontal posi- 
tion. The difference between the micro- 
meter readings gives the extension of 

SEAELB’s^lipiS.Tus FOR headings are taken for 

Detebmining Young’s 8 or 9 loads and a load-extension curve 
Modulus of Wibes plotted. The procedure for determin- 
ing Young’s modulus is similar to that 
described on page 72. The extension of the wire can be 
measured to an accuracy of 0*01 mm., or approximately to 
0*002 mm. by estimation. 
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Connecting links prevent one 
stirrup from twisting relatively 
to the other about a vertical 
axis but permit relative motion 
of the stirrups in a vertical direc- 
tion. The apparatus is made by 
Messrs. W. G. Pye & Co., Cam- 
bridge. 

The Amsler Wire lasting 
Machine. For thick wires some 
form of extensometer such as the 
Westinghouse described on page 
113 may be used, the load, being 
applied by a wire tester. The 
Amsler machine is shown in Fig. 
159. The upper gripping head is 
suspended from a lever attached, 
to the inner end of the pendulum 
spindle. The inclination of the 
pendulum, which is a measure of 
the load, is transmitted by a set 
of parallelogrammatic rods to 
a pointer moving over a gradu- 
ated dial. One arm of this par- 
allelogram moves a horizontal 
rod which engages a small pinion 
on the axle of the pointer and 
moves the pointer proportion- 
ally to the load. 

A 1 000 lb. machine has ranges 
of 1 000, 500, 200, and 100 lb. 
The various ranges are obtained 
by removing or adding weights 
to the pendulum or by altering 
the length of the pendulum rodi. 

To measure the elongation of 
the specimen use is made of a 
vertical rod having a ^ in. grad- 
uation. If the variation in the 



Fic. 159. Amslee Wire Testing 
Machine 

{Alfred J. Amsler dt Co.) 


distance between the two gripping heads is to be regarded as 
giving the elongation of the test wire, the rod is fastened to the 
lower gripping head by a clamp, so that during the test it 
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If I represents the moment of inertia we have then, 



and substituting for T, 

T = 27TV(32ZI0/7rN0d^) 

whence it is seen that 6 cancels and the periodic time is in- 
dependent of the angular displacement. For this to hold, how- 
ever, the angular displacement and the restoring force must be 
proportional throughout the range. 

If the moment of inertia of the bar is not known it may be 
calculated or it may be determined as follows. 

Two small masses m, m are attached to the ends of the bar 
equidistant from the axis of the wire. If the masses are of 
small dimensions their radius of gyration may be taken to be 
the same as the distance r of the centre of each mass from the 
axis of the wire. Then, approximately, their combined moment 
of inertia about this axis is I^ = 2 mr^. 

The bar is given a slight displacement and the time of an 
oscillation is found by noting the time for 30 complete oscil- 
lations. The time of oscillation is determined similarly when 
the bar carries the masses m, m. 

Since T^^ a I in the first case, and in the second T^^ a Ii + I, 
the ratio of the squares of the periodic times is thus 

= 1/(1 + Ix) 

Hence I = 

Having found the moment of inertia of the bar and the 
periodic time, the modulus of rigidity can be calculated from 
the formula 

N = 120Zl7r/#T2 

Instead of a bar a circular disc may be used, with a thin 
annular ring for the added mass. 

The moment of inertia of a rectangular bar of length Z, 
breadth 6, and depth d about a vertical axis through its c.g. 
parallel with the depth is 

mass X [(6‘^ + Z^)/12] 

For a round bar of length Z and diameter d. 

I = mass(cZ2/16 + Z^/12) 
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For a circular disc of diameter d about an axis perpendicular 
to its plane I = mass (d^S). 

Searle^s Dynamical Method of Determining Young^s Modulus. 

A dynamical method, due to Searle, may be employed to deter- 
mine Young’s Modulus. 

The ends of the wire are soldered into two clamping screws 
which are secured to two equal bars AB and CD, Fig. 161. 
Two light hooks are screwed into the bars at G and G' so that 
the hooks are perpendicular to the wire. 
The system is suspended by two par- 
allel threads at least 20 in. long attached 
to the hooks. If the bars are turned 
through equal angles ^ in opposite direc- 
tions and then set free the system wiU 
execute harmonic vibrations in the hori- 
zontal plane. If the vibrations are small 
the eflFects of the horizontal and vertical 
displacements of the centres of the bars 
may be neglected. 

For all practical purposes the forces 
on the system reduce to equal couples 
exerted by the bars on the wire which 
is bent to the arc of a circle. 

The bending moment is EI/R where 
E is Young’s modulus, I the moment of 
inertia of the section of the wire about an axis through its cen- 
troid and R the radius of curvature to which the wire of length 
I is bent. 1 ~ tt #764 in.^ and from the figure R = Z/2<7.. 

If Id is the moment of inertia (dynamical) of either bar about 
a vertical axis the angular acceleration of the bar is 

_ couple El 2EI<^ 

moment of inertia ~ I^R ~~ I^Z 

and the period of oscillation 

Tjj = 2Tr'\/ (Ljyl/ 2^J.) 

Example : Consider a steel wire 0-047 in. diameter and 15 in. 
long. Moment of inertia of the bar 1^ = 13 Ib.-in.^ units. 
Average time for one complete oscillation M88 sec. The value 
of E is required in lb, per in.^ so ^ = 32-2 x 12 in. per sec. 
per sec. 



Fig. 161 . Illustrating 
Method of Determining 
Young’s Modulus by 
Bending Oscillations 
OF A Wire 
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Hence 
and 

= 29*65 X 10* lb. per in.^ 

In carrying out this experiment the amplitude of vibration 
must be small ; not much greater than The ends of the two 
bars should be tied together in the constrained position by a 
piece of thread and vibration started by burning the thread. 
A pointer should be set close to the end of one of the bars to 
assist in finding the time of vibration- Several measurements of 
the diameter should be made at various points along the wire. 

The modulus of rigidity may be found as already described, 
page 204, by clamping one bar to a support and noting the time 
of oscillation of the suspended bar. Then 

N = 128^Ii>L/tn2# 

The ratio of E to N is simply 

E/N = t//t/ 

which allows Poisson's Ratio cr to be calculated (page 14.) 

<7 = E/2N — 1 

Values of the elastic constants of several materials in the 
form of wire are given in the following table — 

TABLE XVI 

Elastic Constants of Wires 


(G. F. C. Searle) 


Material 

E 

lb. per in.2 

N 

lb. per in.® 


Carbon steel 

28-72 X 10‘ 

11-41 X 10« 

0-258 

Brass (hard drawn) . 

14*81 

5*392 

0-376 

Phosphor bronze 

17*40 

6*320 

0*378 

Copper (annealed) ' . 

18-73 

4*083 

0*608 

Nickel (hardened) 

34*78 

10*76 

0-614 

♦Platinoid 

19*70 

5*217 

0-887 

fGerman silver 

16*72 

3*795 

1*207 


13 


“ 32-2 X 12 

128 X 13 X 15X77 


E = 


(1*188)2 X 32*2 X 12 X (0*047)^ 


* 54 Cu. 24 Ni. 


t Cu. Ni. Zn. Alloy. 



208 MECHANICAL TESTING OF METALS 


From the relation 3K(1 ~ 2cr) = 2N(1 + < 7 ) we see that if 
cr > I either K or N would be negative. The explanation is that 
the material of the last four wires is not isotropic. 

Searle’s Method of Determining the Elastic Constants of Strip 
Metal. Metal in the form of strip can be tested in tension and 
the value of Young s modulus found in the usual way. The 
modulus may also be found by loading a thin strip of metal as a 
beam. The simple theory of bending then fails and Poisson’s 
ratio enters into the relation between deflection and bending 



moment. Because of this the formula connecting Young’s 
modulus and the bending moment is not, in itself, sufficient for 
the determination of E from a series of observations of load 
and deflection, and it is necessary, in addition, to find the 
modulus of rigidity by an oscillation method. 

A convenient size of specimen for the purpose is a strip about 
24 in. long X 2 in. wide. A hole is drilled at each end and the 
strip firmly clamped between bars as shown in Fig. 162. One 
pair of bars is fixed firmly to a suitable support so that the strip 
hangs vertically and the lower bars are allowed to oscillate in 
a vertical plane. The procedure is similar to that described on 
page 204. 

If I be the length of the strip, 

2a the width of the strip, 

2b the thickness of the strip, 

the relation between the angle of twist and the twisting couple is 
T = imatmu 

If L is the len^h of each bar, A its width and M its mass the 
moment of inertia of the two bars about the axis of the strip 
is, by the theorem of parallel axes, 

Ii> = fM(L2/4 + A^) + 2M(A/2 + tf 
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Neglecting the second term we have approximately the 
value 

= |M(L2/4 + A2) 

The angular acceleration is T/Ijj, that is l%Nai^(f>lZtjji. 

Hence if r be the periodic time 

N = Sllji7ry4at^T^ lb. per in.^ 

The relation between E and the bending moment M required 



Fig. 163. Method of Suppobting akd Loading Steip Dxjbing 
Deflection Test 


to bend the strip so that the longitudinal filaments have a 
radius of curvature R is 

M = 4amjZ{l - g2)R 

In performing the bending test the strip is supported on 
knife-edges, Fig. 163, which should be spaced so that the part 
of the blade between them is as nearly as possible straight when 
unloaded. This distance is approximately half the length of the 
blade. The deflections may be measured by means of a pointed 
micrometer forming part of an electric circuit arranged to light 
a small bulb when contact occurs. Or the curvature may be 
determined by the mirror method to be described later. 

Small hangers are suspended by threads attached to the ends 
of the beam with seccotine. Readings are taken with several 
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loads on the hangers. The radius of curvature is calculated from 
the formula 

R = Z2/2A + A/2 

where d is the distance between the supports and h the deflec- 
tion of the central point. 

If W is the load on each scale pan and p the average distance 
of the hangers from the supports 

E/(l - u2) = 3WR^/4a/3 

The mean value of E/(l — a^) is obtained by plotting a graph. 
Substituting for E from E = 2N(1 -f- a) 
we have 

2N(1 + u)/(l - u2) = 

therefore 

a = I- 8Na/73WRp 
Substituting this value of a in 

E/2N = (1 + O') 

we have 

E = 4N(1 - 4NaZ73WR^3) 

The theory of the foregoing method is given fully in Searle’s 
Experimental Elasticity. 

Determination oJ Poisson’s Ratio by the Metihod of Flexures. 

The change of slope of a bent beam is best observed by means 



Fio. ie4. Method op Measuring the Slope op a Beam 

of a telescope and scale. A plane mirror M is attached to the 
beam immediately over a knife-edge, and a scale S and a tele- 
scope are arranged as in Pig. 164, the ray of Hght from the mirror 
to the telescope bemg horizontal and the scale vertically over 
the knife-edge support. 

If d is the distance between the knife-edge supports and if 
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the tangent to the beam at the knife-edge turn through a small 
angle and give a displacement on the scale of amount s for a 
load W apphed at A and B then the radius of the arc to which 
the beam is bent is 

R = d^Js 

If h is the deflection of the mid point of the beam we have 
from the geometry of a circle R = d^jSh. Comparison with the 
previous result shows that the movement over the scale is eight 
times the deflection of the beam. 

Greater accuracy is obtained if the distance between the 



scale and the mirror be increased and the curvature calculated 
from the change of slope. 

Carrington’s method of determining E and a by the method of 
flexures is as follows — 

The beam is supported at A and B as in Fig. 165 and loaded 
at G and D. Two mirrors and are attached to small 
columns fixed to the beam at E and F, The distance EF in 
Carrington’s experiments was 1 in. Observations being taken 
by means of a telescope and scale, the modulus of elasticity 
may be calculated from the formula 

^ 24a(L + c/2 + a/2) M 

^ "" W ‘7 

where 

b is the breadth of the beam, 
t the thickness, 

a the distance between the mirror columns, 
c the distance between the mirrors, and 
L the scale distance. 

To determine Poisson’s Ratio the lateral curvature must be 
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measured. The mirrors are arranged as in Fig. 166. If the 
dimensions L, a and c are the same as in the previous experiment 
it is only necessary to plot curves connecting bending moment 
and scale reading for both eases, when the ratio of the slopes of 
the resulting straight-line graphs Avill be the value of Poisson’s 
Ratio. 

In any case Poisson’s Ratio is given by 
Longitudinal curvature 
Lateral curvature 


The thickness of 



Pig. 166 . Carring- 
ton’s Method of 
Measuring Lateral 
Flexure 


the beam must not be too great to prevent 
a measurable degree of lateral curvature 
under moderate loads. 

Poisson’s Ratio may be found by mea- 
surement of the longitudinal and lateral 
strains in a test bar under tension, the 
lateral strains being measured by means of 
a dehcate extensometer, as for instance 
Coker’s extensometer described on page 
105. 


In a recent investigation, Lyse and God- 
frey employed a spht collar of spring steel clamped on to a 
tension specimen by set screws and giving a magnification of 
approximately two at the gap. The amount of gap opening 
was measured by means of a Huggenberger extensometer 
placed across the gap. Lateral strains were measurable to 
0-000005 in. for a 1 in. diameter specimen. 

These investigators determined Poisson’s Ratio by several 
methods and found that for structural steel a varied from 0*271 
to 0*302, while for alloy steels the ratio varied between 0*272 
and 0*320. 

Commercial Tests on Wire. Commercial tests on wire com- 
prise tensile, bending, twisting and wrapping tests. Tensile 
tests are conveniently made in a machine of the type described 
on page 203. Some British specifications require that a lever type 
machine be used. The sample of wire must not be straightened 
or in any way prepared before testing. 

The specified rate of application of the load varies with the 
material being tested. Nine-tenths of the minimum breaking 
load must be apphed quickly and the remainder at a steady 
rate until jfracture of the wire occurs. With galvanized stay 
wire, for instance, the time to be occupied in applying the final 
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tenth of the load is given as 20 sec., the total time from the 
application of the load to the break being approximately 30 sec. 

Twisting tests are made by clamping the ends of the test wire 
in suitable grips, one of which 
can be rotated, while the other, 
although prevented from rotat- 
ing, is free to slide longitudin- 
ally. (See Fig. 96.) Small hand 
macliines are usually employed 
for this test. The twist is applied 
through a geared handwheel and 
a counter registers the total num- 
ber of turns up to fracture. 167^ Wrapping Test 

Specifications usually call for a 

minimum number of twists in a given length without fracture, 
the number of twists to be determined by first making an ink 
mark on the untwisted wire and then counting the number of 




Fig. 168. Hand Bending 
Machine for Wires 


spirals in the gauge length. The 
full number of twists must be 
visible between the grips. The 
speed of testing should not ex- 
ceed one revolution per second. 

For hard drawn copper wire 
the specified number of twists 
ranges from 15 to 30 on a length 
of 6 in., the number depending on 
the diameter of the wire. 

The wrapping test is made by 
gripping the wire in a vice and 
wrapping one portion of the wire 
around the other as shown in 
Fig. 167. 

The wire is wrapped six times 
around its own diameter in the 
same direction, unwrapped, and 
again wrapped in six turns in the 
same direction as the first wrap- 
ping. In some cases only one 


wrapping is specified. 


Bending tests are made by means of an apparatus shown in 
Fig. 168, the wire being bent to and fro through 90° or 180° 
over a specified radius. For phosphor bronze wire the angle of 



TESTING OF WIRE AND SHEET METAL 2U 


kept rotating until it eventually breaks by fatigue. Fracture 
occurs at or near mid-span and not near the chiick. 

The wire does not “ whirl' ’ about the straight line AB but 
rotates about its own curved axis of flexure. The speed of 
operation is about one million cycles per hour. 

When the angle of flexure is small the theory of the test 
corresponds to that of the Euler strut (page 21). The curve 
assumed by the centre line of the wire is approximately 

y == F sin (ttxIL) 

where 

Y ~ deflection at the mid-point, 

L = length of sample, 

y = deflection at a distance x from one end. 

The inclination and curvature are given by 

i = dyjdx == (7rF/L)cos(77a:/L) = d cos (Trx/h) 

Ifr = d^jdx"^ = — (tt^F/L^) sin (ttot/L) 

= — (tt^/L) sin {ttxJLi) 

6 is the inclination at the end, as indicated by a vernier on 
the swinging headstock of the machine. 

The greatest curvature is at the mid-point and is given by 

1/R = ttOL 

where R denotes the corresponding least radius of curvature. 

The bending strain at the mid-point of a wire of diameter d is 

e = dJ2R = (7r/2)<9(d/L) 
and the bending stress 

/ = Ee = (^/2)<9(d/L)E 
where E is Young’s modulus. 

When the angle 6 is greater than about 20° the curve of 
flexure becomes the “Elastica” and the foregoing results need 
slight correction. 

In addition to the bending stress a small compressive stress 
acts in the wire. This may be calculated by using Euler’s 
formula, but generally the compressive stress may be ignored. 

The end thrust applied to the test piece and the grip of the 

15— {T.48) 



Stress: Tons ^ per inch 
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chuck affect the whirling critical speeds. These several speeds 
— ^v'hich are to be avoided — are proportional to 

V(E/P) 

dihjdf 

where p is the density of the metal. In general it is desirable 
to run between the second and third criticals. 

Test pieces are usually 150 diameters long and lengths of 
from to 30 in. may be tested. 



(Bruntons (Miisselburgh) Ltd.) 

Some endurance curves for steel wire under various con- 
ditions of corrosion fatigue are given in Fig. 170. 

Tests of Sheet Metal. The mechanical tests made on sheet 
metal comprise tensile tests, bend tests, reverse bend tests, 
hardness tests, and a cupping test. 

TpsiLE Tests. Various forms of test piece are called for in 
specffications. Two forms only have been standardized by the 
British Standards Institution for material not exeeedine 0-128 
in. (10 S.W.G.) in thickness. 

The short form has a gauge length of 2 in., is ^ in. wide and 

^ a paraUel length of 2J in. The “long” form, intended to 
be used in cases where the general elongation of the test piece 
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is likely to be more informative than the local elongation, has a 
gauge length of 8 in., is f in. wide, and has a parallel length of 
9 in. 

The radius of the transition curve at the ends of the straight 
portion is 1 in. The preparation of the test piece is somewhat 
difficult especially from very thin sheets. A combined filing and 
drilling jig in which the specimen can be dressed to shape is of 
great assistance, as axial loading of the test piece is essential. 

For measuring extensions the extensometer employed should 
possess a sensitivity of 1/20 000 in. For elastic measurements a 






Fig, 171.* Bend Tests eor Sheet Metal 

form of mirror extensometer may be used, or a pair of Huggen- 
berger extensometers, clamped one on each side of the speci- 
men. If measurements are to be carried into the plastic region 
a coarser form of instrument must be employed. A form of 
direct-reading instrument has been designed to meet the neces- 
sary requirements, and a diagram of this is given in the B.S.8. 
No. 485. 

With some materials the speed of testing is not without 
influence on the result, but so far it has been found impossible 
to specify generally rates of testing. 

Bend Tests. In bend tests the bending is caused by pressure 
or by a succession of blows. The metal is bent as in Fig. 171, 
(a), (5), and (c), being closed on itself or bent through a specified 
angle. The test as in (a) is known as the Tmmrmr or seaming 
test. Tinplates usually stand this test when the line of bend is 

across the grain,” i.e. at right angles to the direction of rolling, 

* Reproduced by permission from British Standards Specification No. 485, 
Tests on Thin Metal Sheet and Strips copies of which may be obtained from 
the British Standards Institution, 28 Victoria Street, London, S.W.l, price 
2s. 2d. post free. 
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but not infrequently fail when bent “with the grain/ i.e. 
parallel with the direction of rolling. 

Considerable differences of opinion exist as to the value and 
fairness of this test. 

The test is sometimes made less severe by bending the sheet 
through an angle round a specified radius as in (6). The angle 
may reach 180° as in (c). 

The test piece must remain in contact with the former during 
the bending operation and if, after removing the constraint, the 
test piece assumes a slightly different shape 
this is to be ignored. Specimens are deemed 
to be satisfactory if no cracks show on the 
convex side. 

Reverse Bend Tests. A strip of the 
material A, Fig. 172, is clamped in a vice 
provided with rounded jaws and is then 
bent 

{a) through 90° into position B, then 
back to A and then to and fro between 
these positions ; or 

(6) is first bent into position B, then through 180° into 
position C and then alternately into positions B and G until 
a crack appears. 

The number of bends to fracture is counted, the first bend 
through 90° being ignored, although in the tinplate trade it is 
counted as half a bend. 

Some constraint is needed to ensure contact between the test 
piece and the jaws of the vice. If this condition be not fulfilled 
the radius to which the strip bends will generally differ appre- 
ciably from the radius of the jaw. In the Jenkins Bend Tester, 
an improved form of the machine shown in Fig. 168, a strip 
about 2 in. long and J in. wide is gripped between jaws which 
are rounded to a radius of 0-04 in. This radius is used for all 
sheets up to 0-4 mm. For sheets up to 2 mm. a larger machine 
is used with jaws of 0-08 in., 0-125 in. and 0-25 in. radius. A 
hand-lever working on a floating fulcrum is provided with a 
hardened steel roller which catches the projecting strip and 
permits it to be bent to and fro. Pressure is apphed to the roller 

m 1 permission from British Standards Specification No. 485, 

on Metal Sheet and Strips copies of which may be obtained from 
the British Standards Institution, 28 Victoria Street, London, S.W.l, price 
2d. post free. ^ 



Fia. 172.* Reverse 
Beitd Test 
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by means of a spring so that in the course of making a bend 
the test piece is forced to conform with the curvature of 
the jaw. 

The length and width of the strip appear to be without 
iMuence on the results provided the strij^ are cut from the 
sheet with a close-set sharp pair of shears ; otherwise the burred 
edges tend to crack prematurely. 

With a given material the number of bends which a test 



Fig. 173 . FNifiiiiENCE oy Radius of Bend on Number of 
Bends to Cause Fracture 
(«/. O, GodseU) 


piece will withstand will depend on the direction in which it 
has been cut from the sheet. 

(See Bibliography 261.) 

It has been established that if 

tIq = the number of bends sustained by a strip taken from 
from the direction of rolling. 

f he number of bends sustained by a strip perpendicular 
to the direction of roUing, 

the number of bends uq that a strip cut at an angle 6 to the 
direction of rolhng will withstand is given by 

^(9 = a/( V cos^ e + sin^ d) 
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In the application of tliis formula the initial bend through 90^^ 
is counted as half a bend. 

With mild steel sheets the rate of bending appears not to 
affect the result, but whether this holds for all alloys has not 
been definitely established. 

The influence of the radius of the bend is shown in Fig. 173 
which is plotted from some tests of annealed mild steel sheets 



0-1 0-2 03 ' 04 0-5 0-6 07 0’8 0-9 >0 

Thickness of Sheet mm 

Fig. 174 . Influence of Thickness of Sheet on Numbeb 
OF Bends to Cause Fracture 
(J. Q . GodseU ) 

0*34 mm. thick. Each plotted point represents the mean of 10 
tests, the strips being bent through 180° and the first 90° bend 
counted as half a bend. The eflFect of the thickness of the sheet 
with a given radius of jaw is shown in Fig. 174. 

If the number of bends be plotted against the ratio 

Radius of bend _ R 
Thickness of strip T 

a straight hne is obtained having the equation 

N = K(R/T-0-8) 

in which K depends on the material. 

Logarithmic plotting leads to the result N = C(R/T)- for 
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mild steel, where C depends only on the quality of the material. 
Fig. 175. 

TABLE XVII 

Stakbabd Eigubes pok Tikplate and Blackplate 
(For use with the Jenkins Alternating Bend Tester (0*040 Jaws) 


Number op Bends Required to Fracture 


Thickness 

♦Sub- 

stance 

Ordinary Coke 

' 

Deep Stampers 

Weak 

Way 

strong 

Way 

W’^eak 

Way 

Strong 

Way 

in. 

mm. 






0-0155 

0*395 

135 

4i 

74 

5 

Si 

0*0146 

0*371 

127 

5i 

H 

6 

lOi 

0*0124 

0*315 

108 

7 

12 

8 

134 

0-0116 

0-295 

100 

n 

13 

84 

15 

0*0100 

0-277 

95 

n 

13 

Si 

15i 

0*0104 

0*264 

90 

Si 

15 

9i 

16i 

0*0098 

0*248 

85 

H 

164 

11 

19 

0*0092 

0*234 

80 

lOi 

18 

— 

— 

0*0086 

0*218 

75 

Hi 

20 

— 

— 

0*0081 

0*206 

70 

m 

22 

— 

I 

0*0074 

0-188 

65 

13i 

24 

— 

1 


Cupping Test. The object of the cupping test is to ascertain 
the ductility of the material. The test piece, which is a disc 
about 3 in. diameter cut from the sheet, is placed between two 
steel rings of rectangular section and enclosed in a box or frame. 
A punch having a rounded nose is placed in contact with the 
disc and is forced down by means of a screw and nut or by com- 
pression in a small testing machine. The load, and the depth 
of the cup when fracture is observed, provide a measure of the 
ductility of the metal. 

In Continental practice the disc is gripped firmly between the 
rings, but in this country and America clearance is allowed so 
that the test piece can draw down with but little restriction. 
In the form of test known as the Erichsen Test the internal 
diameter of the ring is 27 mm. and the radius of the nose of the 
punch 10 mm. Practice differs slightly in different countries. 

The standard Erichsen machine is shown in Fig. 176. In 

* Weight in lb. of a standard box of tinplates, i.e. 112 sheets 14 in. X 20 in. 
= 31 360 in.^ 
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Fig. 175. Belation Between Number of Bends to Fracture 
AND THE Ratio Radius op Bend-thicknesss op Sheet 
(J, G, Godsdl) 
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making the test the scale 1) is set to zero by shifting the movable 
collar on which it is engraved until the spring F snaps into a 
small hole in the collar. The specimen is inserted between the 
die B and the holder c and the handwheel turned until the 
specimen is firmly clamped. The thickness can then be read 
off from the scale D. The total range of this scale is 5 mm. and 
readings can be continued on scale H, 

After the thickness of the sheet has been noted the hand- 
wheel is turned back five divisions on scale D (j^tt mm.) in 
order to give the test piece a small amount of play. The holder 
c is secured in this position by means of the wing nut N, The 
scale on D is now moved until its zero coincides with that of H. 
The gear is changed by pressing against the milled ring R and 
the handwheel turned clockwise. The tool A now moves 
forwards and bulging of the sheet is noted in the mirror. The 
image in the mirror is carefully watched until fracture occurs, 
when the depth a of the impression is read ofi* on the scale. The 
rate of testing should be reduced as the point of ftacture is 
approached, in order to obtain an exact reading. 

This t 3 rpe of test seems to be regarded as a method of detect- 
ing unsuitable material, but one that is less discriminating than 
the tensile or alternating bend tests where more satisfactory 
material is being dealt with. The test certainly provides valu- 
able information regarding the probable surface appearance of a 
finished pressing, this being related to the grain size of the 
material. 

In one respect the test appears to be superior to the tensile 
test, in that it tests the ductility of the sheet in aU directions. 
Factors disadvantageous to the test from a quantitative aspect 
are the uncertainty of the frictional effects at the surface in con- 
tact with the punch, the amount of drawing at the grips, and the 
determination of the exact point at which fracture commences. 

However, the cupping test is largely used in the routine 
testing of metals, and some curves of Erichsen values are given 
in Pigs. 177a, 177b, 177g, and 177d. The curves, with one 
or two exceptions, are not the Erichsen Standard Trade 
Quality Curves. 

The depth of cup at fracture will not itself provide a true 
index of the deep drawing qualities of a material, but con- 
sideration must be given to the type offractureandthe appear- 
ance of the dome. The fracture should be circumferential in 
metals which are required for drawing operations. Metal which 
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Fig. 177d. Cubves oe Ebichsen Values 
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has been reduced considerably by cold rolling, such as hard 
nickel-silver, will give a fracture in one direction only and will 
not be suitable for folding and drawing. A rough or crinkled 
dome indicates a loose or coarse structure that will offer 
increased resistance to the drawing tools, and may result in 
premature breakage even though the metal is soft. 

With non-ferrous metals and alloys, Armco iron, and electro- 
deposited iron, the roughness is invariably due to over-anneal- 
ing, but this is not true in the case of dead mild steel sheet. 



o 





(«) ( 6 ) 

Fig. 178 . Appeahaitce op Dome m Mild Steel 
(a) ]^ugh dome — coarse grained structure. 

■(6) Smooth dome — same material commercially re-annealed. 

(J. <?. GodseU) 

Abnormal grain growth, and therefore a rough Erichsen dome, 
in the case of dead mild steel sheet, is due to under-annealing 
after cold work. On annealing above Acg, i.e. 900° C., the struc- 
ture, no matter how coarse, is refined and is not appreciably 
coarsened at any temperature below 1 200° C, Good normalized 
mild steel exhibits a smooth dome (Fig. 178). A dome close 
grained in appearance is usually only encountered in non- 
ferrous materials and is generally caused by oxidation of the 
metal during annealing or by excessive pickling. In all cases 
the domes should be smooth, and deep-drawing qualities should 
not possess a value falling below the respective curves shown. 
Half-hard materials should fall between the curves. 
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Hardness Values for Various Sheet Materials, The following 
values give tensile and elongation values for brass and hardness 
values for several materials. 


TABLE XVIII 
ViCKEKS PYEABOD NuMERAXS 
Load : 5 kg. 



Bright MiJd 
Steel 1 

■ Deep Drawing 
Mild Steel 1 

[ Welsh Plate 



Min. i 

1 Max. ! 

' ! 

Min. j 

Max. 

Quality 

Min. 

Max. 

1. Soft . 

— ^ 

110 

— 

105 

P.C.A. 

80 

110 

2. Medium hard 

127 

156 

— 

— 

C.R.C.A. 

100 

120 

3. Hard 

170 


— 

— 

P.C.R.C.A. 

i 

95 

120 


TABLE XIX 

Tensile and Elongation Values for Brass of 
Various Tempers 



t Tons i>er in.® 

I Minimum 

Elongation 
Percentage 
on 2 in. 

1. Soft . 

18 

46 

2. Half hard . 

24 

26 

3. Hard . 

34 

8 

4. Spring 

40 

4 


TABLE XX 

Vickers Pyramid Numerals 
Load : 5 kg. 



Brass 

18% Nickel 
Silver 

Phosphor 

Bronze 

Aluminium 

Sheet 

Copper 

Min. 

Max. 

Min. 

Max. 

Min. 

Max. 

Min. 

Max. 

Min. 

Max. 

1. Soft 

— 

75 

— 

100 

— 

100 


30 


70 

2. Half hard 

95 

125 

130 

165 

141 

185 

30 

40 

75 

120 

3. Hard 

140 

155 

170 

1 

195 

190 

228 

40 

55 

125 

180 

4. Spring 

165 

— 

200 1 

— 

235 



— 

— 

— 


The Jovignot Test, A method of testing sheet metal has been 
introduced recently by Jovignot in which a clamped circular 
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spherical shell, 


Fig. 179. Jovignot Test 


plate, the test piece, is subjected to fluid pressure. Rupture 
occurs eventually as a result of the pressure and deformation. 
It is found that the sheet deforms to an approximately spherical 
segment and that the stress at fracture can be calculated by the 

formula for the strength 
of a 
namely 

stress = PR/2^ 

where P is the pressure, t 
the thickness of the sheet 
and R the radius of curva- 
ture = [r^ + See 

Pig. 179. 

A measure of the due- 
tihty can be deduced from 
the initial and final dimensions of the test piece. The cupping 
coefficient,. which is equivalent to the average increase of sur- 
face area of the test piece per unit area, is expressed as the 
ratio 

The test is now being investigated with a view to its possible 
standardization, 

RoUand and Sorin’s Method of Determining Young’s Modulus. 

A novel method of determining Young’s modulus has been 
devised by RoUand and Sorin. The test piece 
S Pig. 180, of rectangular section, is held fhmly 
in a vertical position by a clamp at its lower 
end. The upper end carries a platform A on 
which bear two identical pendulums P and P', 

If P be at rest and P' be set in oscillation the 
slight reactions of the swinging pendulum pro- 
duce smaU elastic deformations in the test piece 
which in turn cause P to osciUate. Eventually 
the energy of P' is transferred to P, the ampli- 
tude of whose osciUations reach a maximum 
value while the amphtude of the osciUations of 
P is reduced to zero. Energy is then trans- 
ferred in the opposite direction until P has been 
brought to rest and P' again has its largest swing. The cycle is re- 
peated until the energy of the pendulums is fihaUy damped out. 

The quantity to be observed is the time t which elapses be- 
tween two successive arrests of the same pendulum. If the 
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Fig. 180. Fen- 
DTJEUM Method 
or Detebmin- 
iNG Young’s 
Modulus 
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section of the test piece has a breadth b and a depth d in the 
plane of bending and the length from the point of fixing to the 
plane of the knife-edges is the rigidity K of the bar is the 
static end deflection for unit load and is given by K = 3EI/P 
= Eibd^l4F where I is the moment of inertia of the cross-section. 
The value K determines the amplitude of the movement of the 
end of the test piece caused by the reaction of the pendulum, 
and hence the value of t. 

If each pendulum has a mass M and time-period T the relation 
between K and t is 

K = (27r2M/T2)(i/T + 2///M) 

in which [x is the equivalent mass of the test piece. For a test 
piece of mass m fi^?:ed in the manner shown, the value of a is 
33/140 m. 

As t is generally large compared with T and the pendulums 
are heavy so that 2/xlm is neghgible, 

K = 27TmtlT^ 

and hence 

E = 

The chief advantages claimed for the method are that 
measurements of load and extension are replaced by a single 
time measurement ; the test piece has time to settle down under 
alternations of loading and give a true modulus ; and that the 
modulus obtained is that at the origin of the stress -strain curve. 

The following table compares values of E for several materials 
obtained by the method described and by the usual tension 
method using a Marten’s extensometer. 

TABLE XXI 

Comparison of VAiiUES of Yottng’s ModtjxiUs (E) Determined 
BY THE Pendulum Method and by the Direct Method 
Using a Marten’s Extensometer 


Metal 

E 

Pendulum Method 
kg. per mm.* 

E 

Marten’s Extensometer 
kg. per mm.* 

Steel ..... 

21 000 

20 830 

Duralumin .... 

7 640 

7 460 

Aluminium .... 

7 650 

7 600 

Bronze 1 . . . . 

12 OOO 

^ 11 990 

Bronze 2 . . . , 

12 500 

12 900 



CHAPTER XII 

SOME TEST PHENOMENA AND RESULTS 

IMuence of Form of Test Piece on the Shape of the Stress- 
strain Diagrams. The shape of the load-extension or stress- 
strain diagram obtained in a tensile test will vary not only for 
different metals but also for the same material to an extent 
depending on the chemical composition; on the mechanical 
and thermal treatment the material has hitherto received; 
on the form of the test piece ; and on the sensitiveness of the 
testing machine employed. 

The influence of the shape of the test piece is brought out 
in the diagram Fig. 181. The graphs a and b represent the load- 


'C3 
13 
Qi 
VI 

Extension Extension 

Fig. 181 . Iotlubucb of Shape Fig. 182 . Illvsteatino 
OP Test Piece on the Load the “Deop” at the 

Extension Diageam Yield Point 

extension diagrams obtained with mild steel test pieces 0-6 in. 
diameter and 3 in. and ^ in. respectively between shoulders. 

It will be noticed that the shorter specimen sustained 
approximately 60 per cent greater load than that carried by the 
3 in. specimen and that the drop at the yield point has vanished. 
The diagrams suggest materials possessing entirely different 
properties. This example emphasizes the necessity for stan- 
dardization of test pieces in order to obtain comparable results. 

An increase in the carbon content of a steel will likewise cause 
a marked change in the stress strain-diagram, a high percentage 
of carbon resulting in little elongation of the test piece and 
giving a graph similar to h of Fig. 181. 

The characteristic yield point given by mild steel and wrought 
iron, at which the specimen elongates without increase of 
load, or rather, usually with a drop in load, is absent in all 
other materials. The two points a and 6, Fig. 182, represent 
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Fig. 183. Stress-strain Diagram Given by Ferrous 
Materials 
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what are termed the ''upper’’ and "lower” yield points 
respectively. 

The drop in load at the 3 deld point, which is a few per cent in 
a diagram obtained in a tensile test carried out with the aid of 
an autographic recorder, has been shown by Dalby, using an 
optical device (page 114), to amount to 13 per cent, while Cook 
and Robertson, who employed a special arrangement to over- 
come the haertia of the elastic system, obtained a reduction of 
27 per cent. 

The upper yield point is affected by the speed of testing. 

Stress-strain Diagrams for Metals in Tension. Various tensile 
stress-strain diagrams are shown in Fig. 183. (a to/). The forms 
{a) and (6) given by wrought iron and mild steel respectively 
are very similar. Whether or not a drop is indicated at the 
yield point will depend on the sensitiveness of the machine and 
the recording apparatus. 

Diagram (c) is a curve for hard manganese steel. In the 
annealed state of the material the stress-strain curve is similar 
to (6) for mild steel. High tensile alloy steels show less and less 
extension as the tensile strength rises. A curve obtained by 
Dalby with a 60 ton chrome nickel steel is shown in (d). Curve 
(e) is from a steel casting in the "as received” condition. Cast 
iron (f) gives a curve no part of which is straight. Young’s 
modulus is then usually determined as the tangent modulus at 
the origin. 

Stress-strain diagrams for several non-ferrous metals and 
alloys are given in Fig, 184 (a to/). Copper shows no definite 
yield point. A yield point must therefore be determined in an 
arbitrary manner. It is customary to draw a line parallel to the 
tangent to the curve at the origin at a pomt on the strain axis 
representing a strain of 0T5 or 0-2 per cent. The point of inter- 
section of the fine so drawn with the curve is taken to be the 
5 rield point. 

The curve for aluminium bronze, Fig. 184 (c), shows an abrupt 
change at the yield point. 

Tin and zinc show a striking difference from other metals in 
that the yield point and the pomt of maximum load are almost 
coincident, the curve falling away rapidly as the test proceeds. 
The forms of the curves given by tin and zinc persist in some 
alloys in which these constituents are present, notably gun 
metal and phosphor bronze, especially if the tin predominates. 
Brass, however, gives a rising curve (Fig. 184 (6) ). 



Stress:Tons per in? Stress: Tons per in? ^ Stress Tons per in? 



Fig, 184 . STHESS-STBAnsr Diagbams Given by Non-eebbotts 
Matebtals 
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specimen partially recovered its elasticity and after twenty-one 
days had completely recovered it. 

Mild heat treatment after unloading,* say by boiling for 
twenty minutes at 100° C., furthers the recovery of the elastic 
properties in a remarkable degree. This was first shown by Muir 
in 1899. It is thus seen that the general effect of overstrain is to 
raise the 3 deld point and to reduce the limit of proportionality. 

The results of some t^ts by the Author on a specimen of 
mild steel illustrate this point (Fig. 186). 

Low carbon steels generally recover their elastic properties 
after a rest or after boiling, but alloy steels are lacking in this 
respect. The graph in Fig. 187 is from a test by Dalby on a 



Extension 

Fig. 187 . Result of Test on* Nickel Steel 

0*3 carbon, 3*68 nickel steel. Under the initial test, curve A, 
the limit of proportionality was 58 000 lb. per in.^ and the yield 
point 67 000 lb. per in.^ The material was stretched 2 per cent 
on a 5 in. gauge length and the second curve B show’s that the 
limit of proportionality has vanished. Curve G was obtained 
after 6 per cent stretch, and curve D after a lapse of 24 hours, 
the bar having been turned down to a slightly smaller diameter. 
After boiling for one hour curve E was obtained, no recovery 
in elasticity being apparent. Finally the specimen was heated 
to 550° C. and kept at this temperature for 30 min. This 
treatment restored the elasticity. Both the limit of proportion- 
ality and the yield point were raised slightly as shown by the 
curve F. 

Phenomenon of Strain Hardening. The phenomenon of 
hardening due to plastic distortion is termed strain hardening. 
The effect on a metal is to make it harder and less ductile. 
Such hardening disappears on annealing. A material which 
has been cold worked wall exhibit tensile properties similar to 
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those of the overstrained material just discussed. Improvement 
in the tensile properties of a material in the direction of loading 
is not necessarily accompanied by improvement in its com- 
pression properties in the same direction. 

If a single crystal of metal be tested in tension its strength 
will depend on the direction of the pull relative to the axes of 
the crystal. Plastic deformation of such specimens involves 
sliding or slipping along certain planes, and the commencement 
of slip depends on the shear stress along the plane and is in- 
dependent of the normal stress. Increase of load increases the 
shear stress and the number of planes on which sliding occurs, 
with consequent further elongation of the specimen. The in- 
crease in stress necessary to continue the stretching represents 
the strain hardening of the crystal. 

In a brittle material, fracture occurs due to the overcoming 
of cohesion on a certain crystallographic plane by the normal 
tensile stress. A commercial metal, on the other hand, exhibits 
the average effect on all the crystals of which it is composed. 
The result is that its mechanical properties are very nearly 
independent of direction. 

Microscopic observation of a pohshed specimen under a ten- 
sile test shows a number of lines on the surface known as slip 
bands, due to the slipping of individual crystals tinder the action 
of the stress. The shding stops at the crystal boundary. Some 
crystals may be less favourably situated than others to with- 
stand tensile stress, and this is believed to be the cause of small 
deviations from Hooke’s law in materials which are generally 
assumed to be elastic. 

In ductile materials, especially those wdth a well defined 
yield point, considerable sliding along the planes of maximum 
shear takes place when the yield point is reached. These planes 
are indicated by the Lueder’s lines which appear on the surface 
of a polished specimen an at angle of about 45° to the axis of 
the specimen. Individual crystals become strain hardened by 
distortion and on reloading the specimen the yield point is 
found to be higher than before. 

Characteristic of Tensile Fracture in Ductile Materials. The 
strength of a test piece may be regarded as due to its resistance 
to sliding or to its resistance to separation. The associated types 
of failure that occur are termed sliding failure and separation 
failure, the former occurring in ductile and the latter in brittle 
materials. The relation between the two types of resistance 
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varies throughiout a t^t. Resistance to sliding seems to increase 
as the velocity of deformation increases and decreases with rise 
of temperature. The resistance to separation is not affected to 
the same degree. 

The type of fracture shown by a material depends on the 
conditions under which fracture takes place, as for instance 
whether or not plastic deformation due to sliding is prevented. 
The load extension diagram of a ductile material when flow 
is prevented by a groove in the test piece is similar to the curve 
(6), Kg. 181. ^ 

In a three-dimensional stress system such as that represented 
in Fig. 22, Chapter I, the maximum shearing stress is 



Fia. 188 . LongitxjdinaIi Section Through Fexctxjbe m a 
Ductile Matebial^ 

and if p^ and be very nearly equal the maximum tensile stress 
may be many times the shear stress. Such conditions in a duc- 
tile material are productive of a brittle fracture. 

In a specimen of mild steel under tension a three-dimeiisional 
stress condition obtains in the middle of the specimen. The 
metal at the neck is subject to tension in the radial as well as 
in the axial direction, and fracture takes place jhrst by the 
formation of a crack in the centre of the section and then by 
yielding and sliding along planes inclined at 45° near the 
boundary. The result is the well-known cup-shaped fracture 
that appears when a bar of mild steel is tested to destruction in 
tension. Fig. 188 shows the appearance of the longitudinal 
section through a fractured test piece, the broken parts having 
been first fitted together and the metal in the neighbourhood 
of the break filed away. 

On account of the deformation only the inclined portions at 
the boundary make contact, leaving a hollow space in the centre 
of the break. The diagram given by Professor Haigh to repre- 
sent the state of affairs is shown in Fig. 189. On the little cube 
of material at the centre there is no tendency to make the 
metal shear, while the inner part of the neck has to puU 
in aU directions in order to keep the curved outer fibres in 
equilibrium. 
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HyBtei^esis. Exi)eriment shows that the elongation of a test- 
piece does not immediately follow the application of the load 
and that the specimen continues to elongate when the load has 
reached its final value. Tests made on single crystals show that 
if the specimen be loaded quickly according to the load exten- 
sion line oa, Fig. 190, a lowering of 
temperature will occur due to in- 
crease in volume. If the application 
of the load be sufficiently rapid the 
process may be regarded as adiabatic, 
that is, there is no exchange of heat 
between the bar and the surrounding 
medium. The bar, however, gradually 
warms up and a slight additional 
elongation takes place represented 
by ab, the load remaining constant 
throughout this change. Rapid un- 
loading gives the line be, a rise in 
temperature occurring because of the 
decrease in volume. On cooling, the 
Fig. 1S9. Fbactube of bar contracts by the amount co and 
A Ductile Material resumes its original state. The line oci 

(Hmgh) gives the adiabatic modulus of elasti- 

city while the line ob would give the isothermal or constant 
temperature modulus. 

In actual materials this time effect is much greater than in 
the single crystal and cannot be explained 
by purely thermo-dynamic considerations. S 
One explanation is that it is due to the con- 35 
tinned sliding within unfavourably situated 
crystals. The time effect after unloading is 
explained as due to the residual stresses 
which continue to produce sliding in crystals ^ 
unfavourably orientated, thus causing creep 
in the material after the load is removed, ^ic hysteresis' 
Many years ago Lord Kelvin gave the ratios 
of the quick to the slow Young’s moduh for several materials, 
among others — 

Iron . . 1-0026 

Copper . 1-00325 

Tin . . 1-0036 

Zinc . . 1-008 
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The area enclosed by the loop in the diagram, Fig. 190, 
represents the dissipation of a certain amount of energy dming 
the cycle of operations. With sufficiently delicate methods of 
measurement it is found that similar phenomena occur with 
metals generally, the strain lagging behind the stress even with 
stresses much below the value usually taken as representing the 
elastic limit of the metal. If a test-piece be loaded and un- 
loaded repeatedly with tensile and compressive loads of the 
same final magnitude the resulting stress -strain diagram will 
take the form of a loop. Fig. 191. The shape of the loop formed 



Fig. ]9l. Elastic Hysteresis 
Loop 



Fig. 192. Hysteresis Loop 
Obtained when Loading 
AND Unloading Beyond 
THE Elastic Limit 


after the initial loading and unloading will depend on the his- 
tory of the specimen. The size of the loop, termed the hysteresis 
loop, will depend on the material and on the range of stress. 
This is elastic hysteresis. 

If a metal be stretched beyond the elastic limit the recovery 
of elasticity on unloading is usually incomplete, and on reload- 
ing, the loading line forms a loop with the previous unloading 
line. This hysteresis loop is much larger than the hysteresis 
loop within the elastic limit (Fig. 192). The phenomenon, so far, 
has not been completely explained. 

Stress-strain Curves for Metals in Compression. Stress-strain 
curves for metals in compression exhibit as much divergence as 
do those for metals in tension. 

The compression curve for cast iron, Fig. 193 (a), is similar 
in form to the curve for tension. Wrought iron, Fig. 193 (6), 
and mild steel. Fig. 193 (c), show a yield point, but less well 
defined than in tension and from this point onwards the curve 
rises continually. In this region the stress plotted is the nominal 
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Fig. 193. Stress -strain Curves Obtained in Compression 
Tests 
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value (load/original area), which is greater than the true stress 
owing to the spreading of the test piece. The curves for copper 
and aluminium are similar in form, with the yield better defined 
in the case of aluminium. The curve, Fig. 193 (/), is from a test 
on a cadmium-nickel alloy. 

Failure of Ductile Materials in Compression. A short cylin- 
drical specimen of wrought iron under compression will flatten 
out as shown in Pig. 194 and when about half its original length 
will develop longitudinal cracks which widen as the load is 
raised. Friction at the compression plates tends to prevent 

r 1 


Fig. 194. Cylindeicai. Spboimen op Weought Ieon Aptee 
COMPEESSION TO ABOUT HAIP THE OeIODSTAI LbNGTH 

lateral spread of ends of the specimen. Mild steel takes up the 
same form hut without cracking. The ultimate crushing 
strength is difficult to ascertain precisely. If the metal reached 
a perfectly plastic state the stress at which the material would 
flow would he constant . If I and V and a and of be the respective 
lengths and cross-sectional areas, then if no change of volume 
takes place 

la = I'a' 

and the real final stress 

_ load _ load 

a'^ ~ aiW) 

or, 

pressure of plastic flow 

It follows that if loads be plotted against extensions the 
resulting curve should be a rectangular hyperbola as the product 
is constant. It will be noticed from Pig. 194 that the curves for 
copper and aluminium in the later stage approach the hyper- 
bolic form. 
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Failure of Brittle Materials in Compression. A brittle material 
fails in a different way, a short cast iron specimen, for instance, 
failing after the manner shown in Fig. 195. In a specimen under 
direct compressive stress p, the shear stress on a section in- 
clined at 6 to the axis of loading will be 

p cos d sin 6 

wliich reaches a maximum value when 
e = 45°. 

With short specimens, instead of fracture 
occurring only on a single plane, the piece fails 
on a number of shear planes and crumbles up. 
Tests in which the angle of inchnation of the 
plane of the resulting fracture can be measured 
are found, usually, to have an angle differing 
considerably from 45°. It is supposed that 
the normal pressure between the surfaces of 
separation increases the resistance to sliding. 
Navier’s theory supposes the effect to be akin 
to friction. If g be the true shear resistance between the sur- 
faces when there is no normal stress, then if r be the normal 
stress on the section the shearing resistance may be supposed 
to be expressible in the form 

f=q- nr 

where qis a, shear stress and r a normal stress. 

But q = p sin 6 cos d 

and r = p sin^ 6 

where p is the direct compressive stress apphed. 

Hence / = p(cos d sind — p sin^ 6) 

Fracture will occur where /is a maximum, that is, where 
cos^ d — sin^ 6 = 2/j, cos d sin 6 
that is // = cot 26 

If (/. is the angle of friction, tan <f> = cot 26, hence 26 i = 
7 t /2 and 6 = •ct/4 — //2. 

Some tests on cast iron gave ^ = 0-404 to 0-675 Avith / 
varying from 10 to 16 tons per in.^ 



Fig. 195 . Mode 

OF FAILUitE OF 

A Brittle 
Material Under 
COSCPRESSION 
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Influence of Temperature on Mechanical Properties of Metals. 

The mechanical properties of metals are severely modified by 



Temperature °C. 

Fig. 196. Tensile Tests at High Temperature on Medium 
Carbon Steel 
(0-37 C.,0-63 Mn., 0*11 Si.) 

(Inst itution of Mechanical Engineers) 

rise of temperature when this exceeds about 200° C. The tensile 
strength of mild steel increases by some 30 per cent up to about 
300° C. and then falls considerably as the higher temperatures 
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The strength of oast iron increases up to about 500° C. and 
then diminishes. 

The results of some torsion tests on mild steel are given in 
Fig. 198. 

Impact tests of steel show a decrease in the Izod or Charpy 
value up to 500° C., after which the values increase. Fig. 199 
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Fig. 198 . Results oe Torsion Tests of Mild Steel at 
High Temperatures 

shows the results of tests on medium carbon steel (curve A) 
and on mild steel (curve B). 

Hardness tests show irregularities over a temperature range 
of 0° 0. to 700° C., the hardness numbers rising and falling 
throughout this range. 

Fatigue strengths appear to reach a maximum in the neigh- 
bourhood of 250° C., but some steels, such as nickel-chrome, do 
not exhibit this increase. 

Reference should be made to the Reports mentioned at the 
end of the book, where detailed information relating to the above 
tests will be found. 

The study of the behaviour of metals at high temperatures 
has become of prime importance owing largely to developments 
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in high pressure steam plants, and intensive research is now 
being pursued. 

At high temperatures the duration of the test has a marked 



influence on the results obtained, the load needed to produce 
fracture becoming smaller as the duration of the test is increased. 

On the experimental side specimens are submitted to a con- 
stant load and temperature and the progressive creep under 

these conditions is investigated. 
If the results are plotted as an 
extension-time diagram a curve 
similar to that in Fig. 200 is ob- 
tained. The portion OA repre- 
sents the initial extension. The 
rate of extension increases rapidly 
at first, but after the state repre- 
sented by point A is reached it 
remains practically constant over 
a range AB. After the state cor- 
responding with B is reached the 
rate of extension increases ^and fracture ultimately occurs. 
The life of the test piece lies within the range AB. If the stress 
be reduced the slope of AB decreases, but there appears to be 
no hmiting creep stress at which the test piece can resist stress 
and high temperature indefinitely. 



Fig. 200 . Extension-time 
Diagbam 
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Two effects come into play in sucli tests — 

(1) Hardening of the metal due to plastic strain. 

(2) Softening of the metal due to the prolonged action of 
high temperature. 

In the extension-time curve, Fig. 200, the reduction in the 
rate of extension over the portion OA of the curve is due to 
strain hardening. The con- ^ 

disconnection of the motor- 
driven loading mechanism . 

(Metropolitan~V kkers Co. Ltd.) 


and the connection of the (MetropoUtan-V kkers Co. Ltd.) 

loading gear that is fitted 

when it is desired to use the machine for creep testing. Load 
and extension are both recorded automatically by a photo- 
graphic method, but direct visual measurement may be made. 
The temperature of the specimen can be finely adjusted up to 

17 - (T.i8) (24 pp.) 
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a maximum of 900° C. and is controlled automatically to 'watliin 
very close limits -vritli a high degree of uniformity throughout 
the length of the specimen. 

The slow tensile testing equipment serves a useful function 
in that it enables a range of steels to be placed in relative order 
of their creep resistance. Eesearch has shown that for constant 
rates of strain the ultimate tensile strength will vary con- 
siderably vith the temperature, and conversely, with constant 
temperature it will vary with the rate of strain. There is, in 
fact, a particular rate of strain which gives the optimum rela- 
tion between the thermal hardening and the rate of increase of 
load and results in a maximum tensile strength for that tem- 
perature. 

Generally, steel parts subjected to stress at elevated tem- 
peratures operate for long periods ; and thermal hardening 
and softening phenomena will not play any important part in 
their behaviour in service as these phenomena will take place 
during a short initial load period which (with the extremely slow 
rates of straining common under practical conditions) is neg- 
ligible in relation to the time the part is in service. 

Tensile tests, therefore, which are intended to indicate the 
relative creep resistance of materials under service conditions 
should be carried out in such a way as to ensure freedom from 
serious interference by thermal hardening ejfects, this require- 
ment being met by testing at a suitably high temperature. 
The standard test temperature adopted by the Metropohtan- 
Vickers Company is 550° C. where the material represented by 
the specimen is to be used up to 500° C. When the service 
temperature is above 500° C. special precautions have to be 
taken against scaling of the specimen, and a test temperature 
of 550° C. or the service temperature, whichever is the higher, 
is employed. 

It has been found that the slower rates of straining provide 
a better discrimination between steels, and the selection of a 
standard rate of straining resolves itself into the choice of a rate 
that will permit of a test being completed in a working day. 

The results of some tensile tests on steels under various rates 
of straining are given in Tig. 202. A suitable rate of testing is 
0*001 strain per minute. 

The autographic recording apparatus consists of a drum 
inside the cylinder shown on the top of the machine in Fig. 201, 
and which is rotated through a vertical shaft driven from the 
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loading mechanism. The rotation is proportional to the exten- 
sion of the test piece. 

In one side of the otherwise light-proof cylinder surrounding 
the drum is a vertical slit, along which is fitted a glass tube of 
square section containing mercury and connected at the bottom 
to a metal reservoir. The base of the reservoir consists of a 



Toh/ tirfie of test inclusive of heotin(j period ( hrs). 

Fig. 202. Tensile Tests on Steels with Various Rates of 
Extension at 500° C. 

[Metrovolitan-Vickers Co. Ltd.) 

heavy diaphragm connected to the top end of the specimen. 
The deflection of the diaphragm as the load comes on the 
specimen varies the height of the mercury column in the 
tube. 

A beam of light is projected through the slit in the cylinder 
on to the sensitized paper fitted to the recording drum, the 
mercury column acting as a shutter to vary the depth of the 
exposed portion of the record in accordance with the load on 
the test piece. A typical stress-strain diagram obtained with 
this apparatus is shown in Fig. 203. 

The maximum stress exerted with the standard machine is 45 
tons per in.^ on OT in.^ of section. Specimens up to 8 in. gauge 
length can be accommodated. 
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Creep Tests. With regard to creep tests it may be remarked 
that tests of which the results have been pubhshed involve a 
duration which is not comparable with that of the service life of 
the material used in steam plants. Hence, in this respect, even 
tests of the longest duration can only be regarded as short- 
time tests. 

Further, the majority of such tests have been carried out at 
stresses higher than working stresses, since most creep testing 
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Fig. 203. Autographic Stress-strain Diagram made by the 
Metrovick Photographic Kecording Apparatus 
{Metropolitan-Vickers Co. Ltd.) 



machines are not capable of measuring in a reasonable time the 
slow rates of creep permissible under service conditions. 

Practical requirements necessitate the measurement of rates 
of strain of 10“® per hour within a reasonable time. The essen- 
tials for such apparatus are difficult of achievement. They 
are — 

(a) Means for adjustment and measurement of the actual 
temperature of the specimen within 1° or 2° C. 

(b) Means for obtaining constancy of temperature over 
long periods to within C. at all temperatures up to 
850° G. 

(c) Means for obtaining uniform temperature along the 
specimen within 1° or 2° C. 

(d) Accurate and constant loading arrangements. 

(e) Extensometer equipment capable of reading strains of 
10~® directly. 
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Metrovick Single-Unit Creep Testmg Equipment. The most 
recent design of Metrovick single-unit creep testing equipment 
operating on a.c. supply is shown in Fig. 204. It is capable of 



Fig. 204 . Metrovick Single Unit Creep Testing Equipment 
(5Ietropolitan~Vicker8 Co. Ltd.) 

continuous service at temperatures up to a maximum of 700° 
C The specimen temperature is thermostatically controUea 
to within 1° C. The design provides for a stress range of 0-5 
to 20 tons per in.^ on a test piece having a 5 in. gauge lengtii 
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and a cross-sectional area of 0-1 in.^ When using the dial in- 
dicator which is fitted to the end of the loading lever creep 
rates down to 10"® strain per hour can be measured. 

i For greater accuracy mirror extensometers must 
be used. 

Provision is made for lowering the load on to 
the test piece without shock at the commence- 
ment of a test. After switching on the current, 
the furnace heats up to the selected temperature 
at which the thermostat operates and controls the 
temperature to within the hmits stated. 

The equipment includes apparatus for the de- 
termination of proportional limits at elevated 
temperatures. 

The furnace and the extensometer introduced 
by the Metropolitan- Vickers Company both difier 
from the conventional types. In the construction 

I of the furnace a steel tube is used in place of the 
usual silica tube, and the extensometer is secured 
to the specimen by means of split clamps screwed 
together over specially enlarged portions at either 
end of the gauge length. For long-time high tem- 
perature tests experience has demonstrated the 
superiority of this method over the usual pointed- 
screw or knife-edge method of fixing. The instru- 
ment is shown in Fig. 205. Two mirrors with 
telescopes and scales are employed and the strain 
on an 8 in. gauge length may be read to 0-25 X 

Making allowance for some shght stagger of 
the plotted points it has been found in practice 
Fig. 205 ^iiat Constant creep rates of 10"® strain per hour 
FOE High ^ determined with reasonable certainty in 
Tempbeatuee from 400 to 500 hours. Fig. 206 shows a typical 

MEASUBEMBNTS Q^y0 

{Metropolitan- 
Vickers €o. Ltd.) 



Creep on Spectn?en ( Strain) 
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Fig. 206. Typical Curve showing Nature op Testing Performed 
WITH Metrovick Creep Testing Equipment 
0-4 per cent carbon stocl normalized. Temperature 400® C., Htrosn 4 tons/in.* 
{M&tropolitan-Vickers Co. Ltd.) 
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Fatigue 

Limit 

(Rotating 

Beam 

Method) 

lh.dn.2 

11 000 

28 200 

26 900 

29 200 

38 100 

56 000 

97 500 

71 000 

94 500 

62 000 

Impact 

Value 

0 = Charpy 
I = Izod. 
ft.-lb. 

^ ^ ^ So ^ ^ 

1 1 I 12-^ III 

VO (M CO CO 4h VO VO 
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Brinell 

Hard- 

C/3 fl . 

iii 

100 

to 
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148 

125 

227 

380 
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444 
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Elonga- 

tion 

per 
Cent 
on 2 in. 

negligible 

50 

37 

30-2 

24 

23 

10 

18 

12 

15 

13-3 

16*5 

Yield Point 
Elastic Limit 
{E.L.) 
Limit of 
Proportion- 
ality {L.P.) 
lb./!n.2 

15 300 

39 200 

46 300 

62 800 

67 700 

97 200 (L.P.) 

142 000 

164 400 (E.L.) 
100 000 (E.L.1 

Maximum 
Stress in 
Tension 
Ib./in.* 

12 000 
to 

40 000 

31 600 

42 000 

63 800 

77 300 

99 000 

115 000 
188 000 

130 000 

224 000 

154 200 
201 000 
157 000 


Material 

Cast iron 

Armco iron . 

Carbon steel 

Alloy steel — 

3i% nickel 

M-Cr-Mo . 

3*6% nickol 
Cr-Vanadiunj 

Si-Mn spring steel 
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TABLE XXIII 

Values of Young’s Modulus and Modulus 
OP Rigidity 


Material 

Young’s Modulus (E) 
(lb./in.2) 

Modulus of Rigidity (G) 
(lb./in.2) 

Cast iron 

12 X 10« to 23 X 10® 

5 X 10" to 7-5 X 10" 

Wrought iron — 

Bar .... 

29 X 10« 

10-5 X 10" 

Plate 

26 X 10« 

14 X 10" 

Carbon steel . 

28 X 10« to 31 X 10« 

11 X 10" to 13 X 10" 

3 per cent nickel steel 

28 X 10« 

— 

30 per cent nickel steel 

23 X 10« 

— 

Nickel .... 

29-5 X 10« 

11 X 10" 

Copper 

15 X 10» 

— 

Hard -drawn wire 

18 X 10« 

7 X 10" 

Brass — 

Hard drawn and cast . 

12 X 10« to 16 X 10® 

5 X 10" 

Phosphor bronze 

15 X 10« to 17-5 X 10" 

6 X 10" to 7 X 10" 

Monel metal . 

26 X 10" 

o 

X 

o 

Y- Alloy 

10 X 10" 

— 

70 per cent nickel alloy . 

26 X 10" 

10 X 10" 

Aluminium 

9 X 10" 

3-8 X 10" 

Duralumin, heat treated . 

10 X 10" 

3-5 X 10" 


TABLE XXIV 
Weight of Metals 




Weight per in." 
(lb.) 

Aluminium — • 


Sheet . . . . 

0-096 

Cast . . . . 

0-092 

Aluminium bronze 

0-275 

Brass — 


Cast . . . . 

0-301 

Wire . . . . 

0-307 

Copper 


Cast and sheet 

0-317 

Wire . . . . 

0-321 

Duralumin 

0-101 

German silver . 

0-300 

Gunmetal, 90 i>or cent Cii. . 

0-306 

Iron — 


Cast .... 

0-260 

Wrought 

0-280 

Lead .... 

0-410 

Monel metal 

0-319 

Nickel .... 

0-318 

Phosphor bronze — ■ 


Cast .... 

0-310 

Steel, average' 

0-282 

Tin 

0-262 

j^inc — 


Cast . . . . . 

0-247 

Rolled .... 

0-260 
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Dress Design. By Talbot Hughes . . . . . 12 6 

Embroidery and Tapestry Weaving. By Mrs. A. H. Christie, 

Fourth Edition . ... . . . . . 10 6 

Hand-Loom Weaving. By Luther Hooper . . . . 10 6 

Heraldry. By Sir W. H. St. John Hope, Litt.D., D.C.L. . 12 6 

SiLVERWORK AND JEWELLERY. By H. Wilson. Second Edition 10 6 

Stained Glass Work. By C. W. WhaU . . . . 10 6 

Wood-Block Printing. By F. Morley Fletcher . . .86 

Woodcarving Design and Workmanship. By George Jack. 

Second Edition . . . . . . . .86 

Writing and Illuminating and Lettering. By Edward 

Johnston. Seventeenth Impression . . . . .86 

ART AND CRAFT WORK, ETC. 

Block-Cutting and Print-Making by Hand. By Margaret 

Dobson, A.R.E. . . . . . . . . 12 6 

Cabinet-Making, The Art and Craft of. By D. Denning . 5 0 

Cellulose Lacquers. By S. Smith, O.B.E., Ph.D. . .76 

Draw Loom, The New. By Luther Hooper . . . 25 0 

Handicrafts, Home Decorative. By Mrs. F. Jefferson- 

Graham . . . . . . . . . 25 0 

Leather Work; Stamped, Moulded, Cut, Cuir-Boutlli, 

Sewn, etc. By Charles G. Leland. Third Edition . .50 

Lettering, Decorative Writing and Arrangement of. By 

Prof. A. Erdmann and A. A. Braim. Second Edition . . 10 6 

Lettering and Design, Examples of. By J. Littlejohns, R.I., 

R.B.A., R.C.A., R.W,A 4 0 

Lettering from A to Z, Modern. By A. Cecil Wade. Second 

Edition . 12 6 

Lettering, Plain and Ornamental. By Edwin G. Fooks , 3 6 

Manuscript AND Inscription Letters. By Edward Johnston. 7 6 
Manuscript Writing and Lettering. By an Educational 

Expert .60 

Plywood and Glue, Manufacture and Use of. By B. C. 

Boulton, B.Sc. . . . . . . . ,76 

Pottery, Handcraft. By H. and D. Wren. . . . 12 6 

Stencil-Craft. By Henry Cadness, F.S.A.M. . . . 10 6 

Weaving for Beginners. By Luiher Hooper . . .50 

Weaving with Small Appliances — 

The Weaving Board. By Luther Hooper . . .76 

Table Loom Weaving. By Luther Hooper . , .76 

Tablet Weaving. By Luther Hooper . . . .76 

Wood Carving. By Charles G. Leland. Revised by John 
Holtzapffel. Fifth Edition ...... 


5 0 
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TEXTILE MANUFACTURE, ETC. 

Artificial Silk. By Dr. V. Hottenroth. Translated from the 
German by Dr. E. Fyleman, B.Sc. ..... 

Artificial Silk. By Dr. O. Faust. Translated by Dr. E. 
Fyleman, B.Sc. ........ 

Artificial Silk and Its Manufacture. By Joseph Foltzer. 

Translated into English by T. Woodhouse. 4th Ed. 
Artificial Silk or Rayon, Its Manufacture and Uses. 

By T. Woodhouse, F.T.I. Second Edition 
Artificial Silk or Rayon, The Preparation and Weaving 
OF. By T. Woodhouse, F.T.I. ..... 

Bleaching, Dyeing, Printing, and Finishing for the Man- 
chester Trade. By J. W. McMyn, F.C.S., and J. W. 
Bardsley. Second Edition ...... 

Cotton Spinner’s Pocket Book, The. By James F. 
Innes. Third Edition ....... 

♦Cotton Spinning Course, A First Year. By H. A. J. Duncan, 

A.T.I. 

Cotton World, The. Compiled and Edited by J. A. Todd, 

M.A., B.L 

Flax and Jute, Spinning, Weaving, and Finishing of. By 
T. Woodhouse, F.T.I., and P. Kilgour .... 
Flax Culture and Preparation. By F. Bradbury. 2nd Ed. 

Fur. By Max Bachrach, B.C.S. 

Hosiery Manufacture. By Prof. W. Davis, M.A. 2nd Ed. . 
Jute Spinning Calculations. By Andrew Smith 
Knitted Fabrics, Calculations and Costings for. By Pro- 
fessor William Davis, M.A. . 

Loom, Theory and Electrical Drive of the. By R. H. 

Wilmot, M.Sc., A.M.I.E.E., Assoc.A.I.E.E. 

Men’s Clothing, Organization, Management, and Tech- 
nology IN THE Manufacture of. By M. E. Popkin. 
Pattern Construction, The Science of. For Garment 
Makers. By B. W. Poole ...... 

Textile Educator, Pitman’s. Edited by L. J. Mills. 3 vols. 
Textiles for Salesmen. By E. Ostick, M.A., L.C.P. 2nd Ed. 
♦Textiles, Introduction to. By A. E. Lewis, A.M.C.T., A.T.I. 
Textiles Student’s Manual, The. By T. Welford 
Weaving and Manufacturing, Handbook of. By H. 
Greenwood, F.T.I., M.R.S.T, ...... 

Woollen Yarn Production. By T. Lawson 
Wool Substitutes, By Roberts Beaumont, M.Sc., M.I.Mech.E. 
Wool, The Marketing of. By A. F. DuPlessis, M.A. . 
Worsted Carding and Combing. By J. R. Hind, A.T.I. 
Worsted Open Drawing. By S. Kershaw, F.T.I. 

Yarns and Fabrics, The Testing of. By H. P. Curtis. 2nd Ed. 
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FOUNDRYWORK AND METALLURGY 


Physics, Chemistry, etc. — contd. 

Organic Pigmeots, Artificial. By Dr. C. A. Curtis. Trans- 
lated by Ernest Fyleman, B.Sc., Pb.D., F.I.C. . 

Pharmaceutical Chemistry. Practical. By J. W. Cooper, 
Ph.C., and F. N. Appleyaxd, B.Sc., F.I.C., Ph.C. Second Edn. 

Pharmacognosy, A Textbook of. Part I — Practical. By 
W. J. Cooper, Ph.C., T. C. Diwaston, B.Pharm., Ph.C., and 
M. Riley, A.M.C 

Pharmacy, A Course in Practical. By J. W. Cooper, Ph.C., 
and F. N. Appleyard, B.Sc., F.I.C,, Ph.C. Second Edition . 

♦Physical Science, Primary. By W. R. Bower, B.Sc. 

Tutorial Pharmacy (Being Second Edition of Pharmacy, 
General and Official). By J. W. Cooper, Ph.C. . 

Volumetric Analysis. By J. B. M. Coppock, Ph.D., B.Sc., and 
J. B. Coppock, B.Sc. (Lond.), F.I.C., F.C.S. Third Edition 

♦Volumetric Work, A Course of. By E. Clark, B.Sc.. 


FOUNDRYWORK AND METALLURGY 

Aluminium and Its Alloys. By N. F. Budgen, Ph.D., M.Sc., 

B.Sc. (Hons.) 

Ball and Roller Bearings, Handbook on. By A. W. 
Macaulay, A.M.I.Mech.E. ...... 

Electroplating. By S. Field, A.R.C.Sc., and A. Dudley Weill, 
Second Edition ........ 

Engineering Materials. Vol. I. Ferrous. ByA.W. Judge, 

Wh.Sc., A.R.C.S , . 

Engineering Materials. Vol. II. Non-Ferrous. By A. W. 

Judge, Wh.Sc., A.R.C.S. • 

Engineering Materials. Vol. III. Theory and Testing 
OF Materials. By A. W. Judge, Wh.Sc., A.R.C.S. . 
Etching, Metallographers’ Handbook of. Compiled by T. 

Berglund. Translated by W. H. Dearden 
FOUNDRYWORK AND METALLURGY. Edited by R. T. Rolfe, 
F.I.C. In six volumes. ...... Each 

Ironfounding, Practical. By J. Homer, A.M.I.M.E. Fifth 
Edition, Revised by Walter J. May .... 

Iron Rolls, The Manufacture of Chilled. By A. Allison . 
Metal Work for Craftsmen. By G. H. Hart, and Golden 
Keeley, A.M.Inst.B.E., M.Coll.H. ..... 

Metal Work, Practical Sheet and Plate. By E. A. Atkins, 
A.M.I.M.E. Third Edition, Revised and Enlarged . 
Metallurgy of Bronze. By H. C. Dews .... 

Metallurgy of Cast Iron. By J. E. Hurst 
Metallography of Iron and Steel. By C. Hubert Plant, 

F.I.A.C 

Pattern Making, The Principles of. By J. Horner, 
A.M.I.M.E. Fifth Edition 
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Foundrywork and Metallurgy — contd. 

Pipe AND Tube Bending AND Jointing. ByS.P.Marks,M.S.LA. 
Pyrometers. By E. Griffiths, D.Sc. ..... 
Special Steels. Founded on the researches of Sir Robert 
Hadfield, Bt., D.Sc., D.Met., etc. By T. H. Bunffiam, B.Sc. 
(Hons.), A.M.I.Mech.E., M.I.Mar.E. Second Edition 
Steel Works Analysis. By J. O. Arnold, F.R.S., and F. 

Ibbotson. Fourth Edition, thoroughly revised . 

Welding, Electric. By L. B. Wilson. .... 
Welding, Electric Arc and Oxy-Acetylene. By E. A. 

Atkins, A.M.I.M.E. Second Edition 

Welding, Electric, The Principles of. By R. C. Stockton, 

A.I.M.M., A.M.C.Tech 

Workshop Gauges and Measuring Appliances. By L. Bum, 
A.M.I.Mech.E., A.M.I.E.E 


MINERALOGY AND MINING 

Coal Carbonization, High and Low Temperature. By John 

Roberts, D.I.C., M.I.Min.E., F.G.S 

Colliery Electrical Engineering. By G. M. Harvey. 

Second Edition 

Electrical Engineering for Mining Students. By G. M. 
Harvey, M.Sc., B.Eng., A.M.I.E.E. ..... 

Electricity Applied to Mining. By H. Cotton, M.B.E., 

D.Sc.. A.M.I.E.E 

Electric Mining Machinery. By Sydney F. Walker, M.I.E.E., 

M.I.M.E., AJM.I.C.E., A.Amer.I.E.E 

International Coal Carbonization. By John Roberts, 
D.I.C., M.I.Min.E., F.G.S., and Dr. Adolf Jenkner . 
Mineralogy. By F. H. Hatch, O.B.E., Ph.D. Sixth Edition 
Mining Certificate Series, Pitman's. Edited by John 
Roberts, D.I.C., M.I.Min.E., F.G.S.— 

Mining Law and Mine Management. By Alexander 

Watson, A.R.S.M 

Mine Ventilation and Lighting. By C. D. Mottram, 
B.Sc. ......... 

Colliery Explosions and Recovery Work. By J. W. 

Whitaker, Ph.D. (Eng,), B.Sc., F.I.C., M.I.Min.E.. 
Arithmetic and Surveying. By R. M. Evans, B.Sc., 

F.G.S., M.I.Min.E 

Mining Machinery. By T. Bryson, A.R.T.C., M I.Min.E. 
Winning and Working. By Prof. Ira C. F. Statham, 

B.Eng., F.G.S. M.I.Mm.E 

Mining Science, A Junior Course in. By Henry G. Bishop. 
Tin Mining. By C. G. Moor, M.A. . . , , . 
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CIVIL ENGINEERING, BUILDING, ETC. 

Architectural Hygiene; or. Sanitary Science as 
Applied to Buildings. By Sir Banister Fletcher, M.Arch. 
(Ireland), F.S.I., Barrister-at-Law, and Major H. Phillips 
Fletcher, D.S.O., F.R.I.B.A., F.S.I., etc. SLxth Edition . 
Architectural Practice and Administration. By H. 

Ingham Ashworth, B.A., A.R.I.B.A. 

Brickwork, Concrete, and Masonry. Edited by T . Corkhill, 
M.I.Struct.E. In eight volumes .... Each 
Building Educator, Pitman*s. Edited by R. Greenhalgh, 

A. I. Struct. E. Second Edition. In three volumes 
Building Encyclopaedia, A Concise. Compiled by T. 

Corkhill, M.I.Struct.E 

Engineering Equipment of Buildings. By A. C. Pallet, 

B. Sc. (Eng.) 

Hydraulics. By E. H. Lewitt, B.Sc. (Lond.), A.M.I.M.E. 

Fourth Edition ........ 

Joinery & Carpentry. Edited by R. Greenhalgh, A.I.Struct.E. 
In six volumes ....... Each 

Mechanics of Building. By Arthur D. Turner, A.C.G.I., 

A.M.I.C.E 

Painting and Decorating. Edited by C. H. Eaton, F.I.B.D. 
In six volumes ....... Each 

Plastering (Reprinted from Brickwork, Concrete and Masonry), 

By W. Verrall, C.R.P 

Plumbing and Gasfitting. Edited by Percy Manser, R.P., 
A.R.San.I. In seven volumes .... Each 
Reinforced Concrete Arch Design. By G. P. Manning, 

M.Eng., A.M.I.C.E 

Reinforced Concrete, Construction in. By G. P. Manning, 

M.Eng., A.M.I.C.E 

Reinforced Concrete, Detail Design in. By Ewart S. 
Andrews, B.Sc. (Eng.) ....... 

Reinforced Concrete. By W. Noble Twelvetrees, M.I.M.E., 

A.M.I.E.E 

River Work. By H. C. H. Shenton, F.S.E., M.Inst.N., and 
Cy.E., F.R.San.I., F.R.San.E., and F. E. H. Shenton, M.S.E. 
Specifications for Building Works. By W. L. Evershed, 
F.S.I. Second Edition ....... 

Structures, The Theory of. By H. W. Coultas, M.Sc., 
A.M. I. Struct. E., A.I.Mech.E. ...... 

Surveying, Advanced. By Alex. H. Jameson, M.Sc., 

M.Inst.C.E 

Surveying, Tutorial Land*and Mine. By Thomas Bryson 
Water Mains, Lay-out of Small. By H. H. Hellins, M.Inst.C.E. 
Water Supply Problems and Developments. By W. H. 
Maxwell, A. M.Inst.C.E. ...... 

Waterworks for Urban and Rural Districts. By H. C. 

Adams. M.Inst.C.E., M.I.M.E., F.S.I. Second Edition. 
Condensing Plant. By R. J. Kaula, M.I.E.E., and I. V. 
Robinson, Wh.Sc., A. M.Inst.C.E. . . • . « 
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MECHANICAL ENGINEERING 

Engikeering Educator, Pitman’s. Edited by W. J. 
Kearton, M.Eng., A.M.I.Mech.E., A.M.Inst.N.A. Second 
Edition. In three volumes •****/ 
Estimating for Mechanical Engineers. By L. E. Bunnett, 

; -D c ■ 

♦Experimental Engineering Science. By N. Harwood, B.bc. 
First Year Engineering Science. By G. W. Bird, Wh.Ex., 
B.Sc., A.M.I.Mech.E., A.M.I.E.E. . . . * • 

Friction Clutches. By R, Waring-Brown, A.M.I.A.E., 

F.R.S.A., M.I.RE 

Fuel Oils and Their Applications. By H. V. Mitchell, 

F. C.S. Second Edition, Revised by A. Grounds, B.Sc., A.I.C. 
Mechanics* and Draughtsmen's Pocket Book. By W. E. 

Dommett, Wh.Ex., A.M.I.A.E. . . . • • 

♦Mechanics for Engineering Students. By G. W. Bird, 
B.Sc., A.M.I.Mech.E., A.M.I.E.E. Second Edition . 
Mechanics of Materials, Experimental. By H. 
Carrington, M.Sc.(Tech.),D.Sc., M.Inst.Met., A.M.I.Mech.E., 



Mollier Steam Tables and Diagrams, The. English Edition 
adapted and amplified from the Third German Edition by 
H. Moss, D.Sc., A.R.C.S., D.I.C. ..... 
Mollier Steam Diagrams. Separately in envelope 
Motive Power Engineering. By Henry C. Harris, B.Sc. . 
Pulverized Fuel Firing. By Sydney H. North, M.Inst.F.. 
Second Year Engineering Science (Mechanical). By 

G. W. Bird, Wb.Ex., B.Sc., A.M.I.Mech.E., A.M.I.E.E. 
Steam Condensing Plant. By John Evans, M.Eng., 

A.M.I.Mech.E. ........ 

Steam Plant, The Care and Maintenance of. By J. E. 
Braham, B.Sc., A.C.G.I. ...... 

Steam Turbine Operation. By W. J. Kearton, M.Eng., 

A.M.I,Mech,E., A.M.Inst.N.A 

Steam Turbine Theory and Practice. By W. J. Kearton, 
A.M.I.M.E. Third Edition ...... 

Strength of Materials. By F. V. Wamock, Ph.D., B.Sc. 

(Lond.), F.R.C.Sc.I., A.M,I.Mech.E. Second Edition. 
Surface Condenser, The. By B. W. Pendred, A.M.I.Mech.E. 
Technical Thermodynamics. By Professor Dipl.-Ing. W. 
Schiile. Translated from the German Technische Thermo- 

dynamik, by E. W. Geyer, B.Sc 

Theory of Machines. By Louis Toft, M.Sc.Tech., and A. T. J. 

Kersey, A.R.C.Sc, Second Edition . ® . 

Thermodynamics Applied to Heat Engines. By E. H. 
Lewitt, B.Sc., A.M.I.Mech.E. ...... 

Turbo -Blowers and Compressors. By W. J. Kearton, 
M.Eng., A.M.LM.E., A.M.I.N.A. ..... 

Workshop Practice. Edited by E. A. Atkins, M.I.Mech.E., 
M.I.W.E. In eight volumes ..... Each 
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AVIATION 

An Introduction to Aeronautical Engineering. 

In three volumes — 

Vol. I. Mechanics of Flight. Third Edition. By A. C. 


Kermode, A.F.R.Ae.S 6 0 

Vol. II. Structures. Second Edition. By J. D. Haddon, 

B.Sc., A.F.R.Ae.S . .60 

Vol. III. Properties and Strength of Materials. By J. D. 

Haddon, B.Sc., A.F.R.Ae.S. Second Edition. . .86 

Aero Engines, Light. By C. F. Gaunter . . . . 12 6 

Aerobatics. By Major O. Stewart, M.C.. A.F.C. . . .50 


Aeronautics, Handbook of. Published under the Authority of 
the Council of The Royal Aeronautical Society. 

Vol. I. Second Edition . . . . • . 25 0 

Vol. II. Aero-Engines, Design and Practice. By Andrew 

Swan, B.Sc., A.M.I.C.E., A.F.R.Ae.S. Second Edition . 15 0 

Aeroplane Structures, The Stresses in. By H. B. 

Howard, B.A., B.Sc., F.R.Ae.S 20 0 

Air Annual of the British Empire. Volume VII. Edited by 

Squadron-Leader C. G. Burge, O.B.E., A.R.Ae.S.I., A.Inst.T. 21 0 

Aircraft Performance Testing. By S. Scott Hall, M.Sc., 

D.I.C., etc., and T. H. England, D.S.C., A.F.C., etc. . . 15 0 

Aircraft Construction, The Materials of. By F. T. Hill, 

F.R.Ae.S., M.I.Ae.E. Second Edition . . . . 20 0 

Air Licences. By T. Stanhope Sprigg . . . .36 

Airman's Year Book and Light Aeroplane Manual, 1935, 

The. Edited by Squadron-Leader C. G. Burge, O.B.E., 

A.R.Ae.S.I., A.Inst.T 5 0 

Air Navigation for the Private Owner. By Frank A. 

SwoEer, M.B.E 7 6 

Air Navigation, Practical. By Wing-Commander J. K. 

Summers, M.C., R.A.F. . . . . . . .26 

Airmanship. By John McDonough . . . . .76 

Aeroplanes and Engines (Airsense). By ’W. O. Manning, 

F.R.Ae.S. Second Edition . . . . . .36 

Autogiro, and How to Fly It. By Reginald Brie. Second 

Edition . . . . . . . . .50 

Britain's Air Peril. By Major C. C, Turner, A.F.R.Ae.S. . 5 0 

Flying as a Career. By Major Oliver Stewart, M.C., A.F.C. 

Second Edition . . . . . . . .36 

Gliding and Motorless Flight. By L. FIoward-Flanders, 

A.F.R.Ae.S., and C. F. Carr. Second Edition . . .76 

Ground Engineer's Textbooks. 

'‘C" Licence. By R. F. Barlow . . . . .20 

^'D" Licence. By A. N. Barrett, A.M.I.A.E. Second Edn. 3 6 

"X" Licence. By R. W. Sloley, M.A., B.Sc. Second Edition 5 0 

"A" Licence. By W. J. C. Speller . . . . .50 

''B" Licence. By S. J. Norton, A.M.I.C.E., A.F.R.Ae.S. . 3 9 

"X" Licence. By S, G. Wybrow, A.M.I.E.E., A.M.I.M.E. . 

Second Edition * . . . . . .50 
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Aviation — contd. s, d. 

How TO Find Your Way in the Air. By G. W. Ferguson, 

M.C., A.F.C., M.I.Loco.E ..36 

Learning to Fly. By F. A. Swoffer, M.B.E. Third Edition . 7 6 

Marine Aircraft Design. By William Munro, A.M.I.Ae.E. . 20 0 

Metal Aircraft Construction. By M. Langley, A.M.I.N.A., 

A.F.R.Ae.S. Second Edition . . - • • . 15 0 

♦Pilot's A '' Licence. Compiled by John F. Leeming, Royal 

Aero Club Observer for Pilot* s Certificates. Seventh Edition 3 6 

Practical Performance Prediction of Aircraft. By 

Lt.-Col. J. D. Blyth, O.B.E., A.F.R.Ae.S., M.I.Ae.E. . 5 0 

Royal Air Force, The. By T. Stanhope Sprigg. Second Edn, 2 6 
Seaplane Float and Hull Design. By M. Langley, M.I. Ae.E., 

A.M.Inst.N.A 7 6 

Stratosphere and Rocket Flight (Astronautics). By 

Chas. G. Ptdlp 3 6 

Wireless Telegraphy. Compiled by W. E. Crook . .76 

OPTICS AND PHOTOGRAPHY 

Applied Optics, An Introduction to. Volume I. General 

and Physiological. By L. C. Martin, D.Sc,, A.R.C.S., D.I.C. 21 0 

Applied Optics, An Introduction to. Volume II. Theory 
and Construction of Instruments. By L. C. Martin, D.Sc., 

A.R.C,S.. D.I.C 21 0 

Bromoil and Transfer. By L. G. Gabriel, B.Sc. . .76 

Camera Lenses. By A. W. Lockett . . . . .26 

Colour Photography. By Capt. O. Wheeler, F.R.P.S.. . 12 6 

Commercial Cinematography. By G. H. Sewell, F.A.C.I. . 7 6 

Commercial Photography. By D. Charles. Second Edition. 10 6 
Complete Press Photographer, The. By Bell R. Bell. . 6 0 

Industrial Microscopy. By Walter Gamer, M.Sc., F.R.M.S. 21 0 

Lens Work for Amateurs. By H, Orford. Fifth Edition, 

Revised by A. Lockett . . . . . . .36 

Photo-Engraving in Relief. By W. J, Smith, F.R.P.S., 

E. L. Turner, F.R.P.S., and C. D. Hallam . . . 12 6 

Photographic Chemicals and Chemistry. By J. South- 

worth and T. L. J. Bentley . . . . . ,36 

Photographic Printing, Professional and Commercial. 

By R. R. Rawkins - . . . . . .36 

Photography AS A Business. ByA.G. Willis . . .50 

Photography, Profitable. By William Stewart . .26 

Photography Theory and Practice. By L. P. Clerc. Edited 

by G. E. Brown, F.I.C. , . . . . . . 35 0 

Retouching and Finishing for Photographers. By J. S. 

Adamson, Third Edition . . . . . .40 

Set Structure for the Amateur Cinematographer, Prac- 
tical. By D. Charles Ottley 5 0 

Studio Portrait Lighting. By H. Lambert, F.R.P.S. . . 15 0 

Telephotography. By Cyril F. Lan-Davis, F.R.P.S. Fourth 
Edition by H. A. Carter, F.R.P.S 


3 6 
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MOTOR ENGINEERING, ETC. ^ d. 

Automobile and Aircraft Engines By A. W. Judge, 

Wh.Sc., A.R.C.S., A.M.I.A.E. Third Edition . . . 42 0 

Automobile Engineering. Edited by H. Kerr Thomas, 
M.I.Mech.E., M.I.A.E, In seven volumes — 

Vols. 1-6 Each 7 6 

Vol. 7 2 6 

Garage Workers* Handbooks. Edited by J. R. Stuart. In 

seven volumes ....... Each 7 6 

Supplement to Vol. VII . . . . . .16 

Your Driving Test : How to Pass It. By Oliver Stewart . 2 0 

Pitman's Motor-Cyclists Library .... Each 2 0 

A. J.S., The Book of the. By W. C. Hayeraft. 

Ariel, The Book of the. By G. S. Davison. 

B. S.A., The Book of the. By “ Waysider.** (F. J. Camm.) 
Douglas, The Book of the. By Fergus Anderson. 

Matchless, The Book of the. By W. C. Hayeraft. 

New Imperial, The Book of the. By F. J. Camm. 

Norton, The Book of the. By W. C. Hayeraft. 

Royal Enfield, The Book of the. By R. E. Ryder. 

Rudge, The Book of the. By L. H. Cade and F. Anstey. 
Sunbeam, The Book of the. By L. K. Heathcote. 

Triumph, The Book of the. By E. T. Brown. 

ViLLiERS Engine, Book of the. By C. Grange. 

Pitman's Motorists Library 

Austin, The Book of the. By B. Garbutt. Fourth 
Edition, Revised by John Speedwell. . . .36 

Austin Seven, The Book of the. By Gordon G. 

Goodwin . . . . . . . .26 

B.S. A. Three Wheeler, Book of the. By Harold Jelley 2 6 
De Luxe Ford Handbook. By Harold Jelley and 

J. Harrison, A.M.I.Mech.E. . . . . ,26 

Hillman Minx, The Book of the. By W. A. Gibson 
Martin ........ 26 

Morgan, The Book of the. By G. T. Walton . .26 

Morris Minor, The Book of the. By Harold Jelley and 
Eric G. Eastwood . . . . . . .26 

Morris Minor and the Morris Eight, The Book of 
THE. By Harold Jelley . . . . . .26 

Popular Ford Handbook, The. By Harold Jelley . 2 6 

Riley Nine, The Book of the. By R. A. Blake . .26 

Singer Junior, Book of The. By G. S. Davison. . 2 6 

Singer Nine, The Book of the. By R. A. Bishop . 2 6 

Standard Nine, The Book of the. By John Speedwell 2 6 

Motorists' Electrical Guide, The, By A. H. 

Avery, A.M.I.E.E. . . . . . . .36 

Caravanning and Camping. By A. H. M. Ward, M.A. 

Second Edition ^ 1 . . . .26 
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PITMAN’S TECHNICAL BOOKS 


ELECTRICAL ENGINEERING, ETC. s. d. 

Acoustical Engineering. By W. West, B.A. (Oxon), 

A.M.I.E.E 15 0 

Accumulator Charging, Maintenance, and Repair. By 
W. S. Ibbetson, B.Sc., A.M.I.E.E., M.I.Mar.E. Fourth 
Edition ........ .36 

Alternating Current Bridge Methods. By B. Hague, 

D.Sc. Third Edition 15 0 

Alternating Current Circuit. By Philip Kemp, M.I.E.E,. 2 6 

Alternating Current Power Measurement. By G. F. 

Tagg, B.Sc 3 6 

Alternating Current Work. By W. Perren Maycock, 

M.I.E.E. Second Edition . . . . . .76 

Alternating Currents, The Theory and Practice of. By 

A. T. Dover, M.I.E.E. Second Edition . . . , 18 0 

Automatic Protective Gear for A.C. Supply Systems. 

By J. Henderson, M.C., B.Sc., A.M.I.E.E. . . .76 

Automatic Street Traffic Signalling Apparatus and 
Methods. By H. H. Harrison, M.Eng., M.I.E.E., M.I.R.S.E., 

and T. P. Preist 12 6 

Cables, High Voltage. By P. Dunsheath, O.B.E., M.A., 

F.Inst.P., B.Sc., M.I.E.E 10 6 

Calculation and Design of Electrical Apparatus, The. 

By W. WHson, M.Sc., B.E., M.I.E.E., M.Amer.I.E.E. . 10 6 

Continuous Current Motors and Control Apparatus. By 

W. Perren Maycock, M.I.E.E.. . . . . ,76 

Direct Current Electrical Engineering, Principles of. 

By James R. Barr, A.M.I.E.E., and D. J. Bolton, M.Sc., 

M.I.E.E. Second Edition . . . . . . 21 0 

Direct Current Machines, Performance and Design of. 

By A. E. Clayton, D.Sc., M.I.E.E 16 0 

Dynamo, The : Its Theory, Design, and Manufacture. By 
C. C. Hawkins, M.A., M.I.E.E. In three volumes. Sixth 
Edition, revised 

Volume I . „ 21 0 

II ........ 15 0 

III 30 0 

Electric and Magnetic Circuits, The Alternating and 

Direct Current. By E. N. Pink B.Sc., A.M.I.E.E. . 3 6 

Electric Circuit Theory and Calculations. By W. Perren 
Maycock, M.I.E.E. Third Edition, Revised by Philip Kemp, 

M.Sc., M.I.E.E., A. A.I.E.E 7 6 

Electric Circuits and Wave Filters. By A. T. Starr, M.A., 

B. Sc., A.M.I.R.E 21 0 

Electric Clocks, Modern. By Stuart F. Philpott, A.M.I.E.E. 7 6 

Electric Lighting and Power Distribution. By W. Perren 

Maycock, M.I.E.E. Ninth Edition, thoroughly Revised by 

C. H. Yeaman In two volumes .... Each 10 6 
Electric Machines, Theory and Design of. By F. Creedy, 

MA.LE.E., A.C.G.I. , . . # . . o 15 0 
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Electrical Engineering, etc, — contd. 

Electric Motors and Control Systems. By A. T. Dover, 
M.I.E.E., A.Amer.I.E.E. 

Electric Motors for Continuous and Alternating Cur- 
rents, A Small Book on. By W. Perren Maycock, M.I.E.E. 

Electric Traction. By A. T. Dover, M.I.E.E., Assoc.Amer. 
I.E.E. Second Edition, revised ..... 

Electric Train-Lighting. By C. Coppock .... 
Electric Trolley Bus. By R. A. Bishop .... 

Electric Wiring Diagrams. By W. Perren Maycock, 
M.I.E.E 

Electric Wiring, Fittings, Switches, and Lamps. By W. 
Perren Maycock, M.I.E.E. Sixth Edition. Revised by 
PhiUp Kemp, M.Sc., M.I.E.E 

Electric Wiring of Buildings. By F. C. Raphael, M.I.E.E. 

Electric Wiring Tables. By W. Perren Maycock, M.I.E.E. 
Revised by F. C. Raphael, M.I.E.E. Sixth Edition . 

Electrical Condensers. By Philip R. Coursey, B.Sc., 
F.Inst.P., M.I.E.E 

♦Electrical Contracting, Organization, and Routine. By 
H. R. Taunton ........ 

Electrical Educator, Pitman’s. By Sir Ambrose Fleming, 
MA., D.Sc., F.R.S. In three volumes. Second Edition 

Electrical Engineering, Classified Examples in. By S. 
Gordon Monk, M.Sc. (Eng.), B.Sc., A.M.I.E.E. In two 
parts — 

♦Volume I. Direct Current. Third Edition. 

*11. Alternating Current. Third Edition 

♦Electrical Engineering, Elementary. By O. R. Randall, 
Ph.D., B.Sc., Wh.Ex 

Electrical Engineering, Experimental. By E. T. A. 
Rapson, A.C.G.I., Wh.Ex., A.M.I.E.E 

Electrical Engineer’s Pocket Book, Whittaker’s. Origi- 
nated by Kenelm Edgcumbe, M.I.E.E., A.M.I.C.E. Sixth 
Edition. Edited by R. E. Neale, B.Sc. (Hons.) . 

Electrical Guides, Hawkins’ — 

In ten volumes ....... Each 

Electrical Machinery and Apparatus Manufacture. 
Edited by Philip Kemp, M.Sc., M.I.E.E., Assoc.A.I.E.E. 
In seven volumes ....... Each 

Electrical Machines, Practical Testing of. By L. Oulton, 
A.M.I.E.E., and N. ]. Wilson. M.I.E.E. Second Edition . 


s. d, 

15 0 

6 0 

25 0 
7 6 
12 6 

5 0 

10 6 
10 6 

3 6 

37 6 

12 6 

72 0 

2 6 
3 6 

5 0 

3 6 

10 6 

5 0 

6 0 


6 0 






